
UCLA
UCLA Electronic Theses and Dissertations

Title
A Neurogenetic and Genomic Characterization of Reward-Seeking Behaviors

Permalink
https://escholarship.org/uc/item/5j54s7sf

Author
James, Alexander Scott

Publication Date
2014
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5j54s7sf
https://escholarship.org
http://www.cdlib.org/


 
 

UNIVERSITY OF CALIFORNIA 

Los Angeles 

 

 

 

 

 

A Neurogenetic and Genomic Characterization of Reward-Seeking Behaviors 

 

 

 

A dissertation submitted in partial satisfaction of the requirements for the degree Doctor of 

Philosophy in Psychology 

 

By 

 

Alexander Scott James 

2014 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright by 

Alexander Scott James 

2014 



ii 
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Because Pavlovian and instrumental processes enabling the prediction and pursuit of desired 

rewards, as well as the avoidance of dangers and noxious stimuli, they are integral to a wide 

range of behaviors that we exhibit. The studies presented here combine hypothesis-based 

studies with hypothesis-free research in order to provide novel insight into the reward-seeking 

behaviors that shape human behavior, and importantly, when expressed in extreme forms, are 

components of and risk factors for a range of psychiatric conditions.  The first series of studies 

in this dissertation sought to disentangle the complex role of NMDA-mediated dopamine cell 

burst firing in reward-related learning, and to test causally, for the first time, predictions made by 

the incentive salience account of phasic dopamine function.   While instrumental learning was 

impaired in our genetic model of attenuated phasic dopamine release, we found no evidence to 

support a selective dependency of incentive salience attribution on phasic dopamine release.  

Rather, our data are congruent with an integrative perspective on the role of phasic dopamine 

release in reward-driven learning, rather unitary theories of dopamine as a prediction error or 

incentive salience signal.   The second study sought new genomic determinants of variation in 

reward seeking, using association-level genome-wide scans in an inbred mouse strain panel 

combined with linear mixed effects modeling, and yielded several quantitative trait loci related to 

quantitative variation in instrumental responding for sucrose.  Transcriptomics data was used to 

for prioritizing quantitative trait loci genes for future causal studies, and offered a resource for 
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the development of new hypotheses regarding the neurobiology that links genes to behavior in 

the context of reward-related learning.  Moreover, the specific pattern of transcriptomics and 

genomics data acquired was suggestive of a common underlying genomic and transcriptomics 

basis for motivational and learning processes in instrumental behavior.   The data collected in 

this dissertation offer new neurobiological understanding of behaviors that are germane to 

psychiatric conditions, and demonstrate the synergy offered by combining both hypothesis-

based and hypothesis-free approaches to behavioral neuroscience research. 
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CHAPTER 1 

BACKGROUND AND SIGNIFICANCE 

The influence of basic forms of associative appetitive learning: human behaviors and clinical 

implications 

Basic associative appetitive learning can be broadly classified into two types of learning: 

Pavlovian conditioning and instrumental conditioning.  The former describes the learning about 

contingent relationships between one stimulus and another (including appetitive outcomes), 

while the latter describes the learning about the relationship between responses and the 

outcomes they produce.  From an evolutionary perspective, non-associative learning offers 

significant responsivity to a changing environment; however, it is Pavlovian associations that 

allow organisms to make predictions about upcoming biologically-significant events in order to 

engage in preparatory behaviors that anticipate those events; instrumental conditioning affords 

organisms the ability to learn how their behaviors can manipulate the environment to control the 

presence of those biologically-significant events (Balleine and Dickinson, 1998).    

Early psychologists believed that most organized behavior revolved around seeking positive 

stimuli and avoiding aversive stimuli (Spencer, 1880), and certainly, this perspective has 

intuitive value today.  Presumably, in addition to non-associative processes, instrumental and 

Pavlovian learning form the building blocks upon which many, if not all, learned behaviors that 

humans exhibit in order to pursue desired stimuli and to avoid dangers.  These goals occupy a 

significant amount of our time and likely critically shape our lives.  Additional levels of behavioral 

complexity undoubtedly also depend upon cortically-based mechanisms that implement top-

down cognitive control of motivated behavior (i.e., behavioral flexibility, response inhibition, 

selective attention, working memory, etc.); nevertheless, it can be argued that most learned 
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associative behaviors, when parsed into their most elementary components, involve 

instrumental and Pavlovian conditioning.   

Therefore, the study of the neural mechanisms that control these forms of learning, and the 

genetic determinants of individual differences in these processes, is of great importance to the 

understanding of human behavior.  This applies not only to “normal” variation in reward-seeking, 

but also to a range of pathological behaviors.  Aberrant forms of reward-related behaviors are 

associated with a spectrum of psychiatric conditions, including addiction, autism, attention deficit 

hyperactive disorder, and depression (Neuringer, 2002; Everitt and Robbins, 2005; Martin-

Soelch et al., 2007; Shiflett and Balleine, 2011). 

Addiction is a useful example of the effects of maladaptive Pavlovian and instrumental 

conditioning.  Drugs of abuse are themselves conceptualized as eliciting feelings of subjective 

reward by stimulating the brain regions that natural rewards activate (Wise, 1987).  Though 

details of this perspective have been updated, its basic implications remain valid. Because 

drugs of abuse are rewarding stimuli – by virtue of activation of an endogenous reward circuit – 

both Pavlovian and instrumental learning play critical roles in the acquisition and maintenance of 

drug-taking behavior.  

Not only does addiction involve appetitive associative learning, it invokes exaggerated and 

aberrant forms of it. Psychostimulant drugs with addictive liability directly induce alterations in 

reward-related learning.  In rodents, repeated administration of these drugs enhances the 

acquisition of appetitive Pavlovian and instrumental conditioning (Taylor and Jentsch, 2001; 

Olausson et al., 2003; Olausson et al., 2006) and increases the ability of reward-paired cues to 

elicit behavioral responses (Harmer and Phillips, 1998; Wyvell and Berridge, 2001; Olausson et 

al., 2004b, a; Ostlund and Balleine, 2008; Ostlund et al., 2014).  Changes in the output of 

neurotransmitter systems resulting from psychostimulant exposure appears to cause this 
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upward scaling of the degree to which rewards and reward-associated cues are able to exert 

forceful control over behavior (Robbins, 1978; Lett, 1989; Taylor and Jentsch, 2001; Wyvell and 

Berridge, 2001; Olausson et al., 2003, 2004b, a; Olausson et al., 2006; Steketee and Kalivas, 

2011).  This, in turn, facilitates rapid associative learning of drug-associated cues and 

instrumental responses that produced drug outcomes, contributing to the strength of desire for 

drugs, manifested as ‘cravings’ (Robinson and Berridge, 1993).  Thus, the end result of 

psychostimulant-induced changes in reward learning processes includes unusually strong cue- 

and drug-related memories that lead to compulsive drug-seeking and -taking behavior, as well 

as chronic patterns of relapse characteristic of substance use disorders (Robinson and 

Berridge, 1993; Robinson and Berridge, 2008).   

This is one conceptualization of behavioral addictions, amidst many that involve alterations 

Pavlovian and instrumental learning.  Moreover, it is a member of the broader pool of theories, 

spanning a range of psychiatric conditions, that invoke Pavlovian and instrumental conditioning 

in their interpretation of different maladaptive behaviors.  Advancements in the depth of our 

understanding of the neural circuitry that control Pavlovian and instrumental reward-seeking 

therefore directly influence the depth of our understanding of psychiatric disorders.  What is 

currently known about this neural circuitry has largely been discovered through the study of 

animal behavior, and these results will be reviewed prior to presenting the research carried out 

in this dissertation. 

Pavlovian conditioning: background 

Pavlovian conditioning is the process by which an unconditional stimulus (US), which naturally 

elicits an unconditional response (UR), becomes associated with an initially neutral stimulus, 

rendering it a conditional stimulus (CS) that elicits a conditional response (CR).  This 

association is formed by repeated presentations of the CS and US close together in time 



4 
 

(Pavlov and Anrep, 1927).  These repeated pairings must have special characteristics: the 

relationship between the CS and the US must be one of contingency and predictive value, not 

mere contiguity.  Pavlovian CRs are exhibited when the probability of the US occurring given the 

presence of CS is different than the probability of the US occurring in the absence of the CS, 

even if the absolute number of pairings between the CS and US is large (Rescorla, 1966; 

Rescorla, 1967).  Thus, Pavlovian conditioning is the mechanism by which the stimuli are 

associated with other stimuli in service of generating expectancies (Bolles, 1972).   

Though by no means the first influential formal quantitative theory, nor the most contemporary, 

the Rescorla-Wagner model remains today one of the most influential conceptualizations of 

Pavlovian conditioning.  The Rescorla-Wagner model states that each time a CS is paired with a 

US, the strength of the association between the CS and the US is updated.  The change in 

associative strength is equal to the difference between the motivational asymptote (i.e., the 

theoretical maximum associative strength the US can support) and the sum of the associative 

strengths of all stimuli present at the time of the pairing; this difference is scaled by two terms 

describing the learning rates that are specific to the CS and the US (Rescorla and Wagner, 

1972).  It belongs to a class of ‘prediction error correction’ models of Pavlovian learning, where 

learning occurs only when there is a difference between what outcome is expected based upon 

the stimuli present and what actually happens (i.e., the US or the lack of the US).  Thus, over 

successive pairings, the CS comes to progressively acquire greater associative strength, and 

expectation of the US given the CS becomes greater.  Learning stops when the CS is learned to 

fully predict the US because, at that stage, there is no difference between expected and actual 

outcomes.   The predictions of the Rescorla-Wagner model are useful in providing mechanistic 

explanations of the conditioning phenomena that are mentioned in subsequent sections. One 

such phenomena is blocking: once the contingency between a CS and US becomes well 

learned, a second CS - presented in conjunction with the first- will not enter into an association 
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with the US (Kamin, 1969).   Prediction error models have been useful in understanding the role 

of endogenously generated analgesia in Pavlovian fear  conditioning (Bolles and Fanselow, 

1980), and as will be discussed later, neural signals that reflect the parameters implemented by 

the models have been discovered (Schultz et al., 1997). 

Instrumental conditioning: background 

Instrumental conditioning occurs when a behavior elicits the occurrence of an outcome which, 

due to its reinforcing properties, changes the likelihood of the response occurring again 

(Thorndike, 1911; Skinner, 1938; Mackintosh, 1983; Balleine and Dickinson, 1998).  

Instrumental learning was originally conceptualized as invoking a stimulus-response (S-R) 

reinforcement system.  Through multiple reinforcement events, this set of environmental stimuli 

surrounding the instrumental action and contingent outcome delivery becomes capable of 

eliciting the instrumental response.  This is the Law of Effect: through reinforcement events, the 

probability of the response, given a set of stimuli, increases (Thorndike, 1911).   

In simple S-R theory, the association is made between the stimuli present and the response, 

while the reinforcing outcome itself is not encoded.  Moreover, the S-R reinforcement system 

strengthens associations by way of the contiguity of the response and the outcome; that is, the 

contingent relationship between the two is not represented in S-R theory.  Thus, S-R theory 

does not invoke the notion of causality; responses are habitual consequences of the set of 

present stimuli, and the actor has no explicit awareness of the consequences of its actions.  

Later, a series of experiments demonstrated that animals performing instrumental actions are, in 

fact, aware of the causal relationship between actions and outcomes, and that the outcome 

itself is encoded in the associative structure of the behavior (Balleine and Dickinson, 1998).   

When the contingency between an instrumental action and its outcome is degraded by 

increasing the probability of non-contingent presentations of the reward, rats decrease their 
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performance of the degraded instrumental response, but continue to perform other instrumental 

responses (Hammond, 1980; Dickinson and Mulatero, 1989).   

Pavlovian conditioning: neuroanatomy and neurochemistry 

The form of Pavlovian learning studied here, Pavlovian approach conditioning, is a simple 

conditioning procedure in which animals are trained to associate a CS with an appetitive 

outcome, such as the delivery of a food pellet, and conditioning is measured by an increase in 

approach to the location of delivery of this reward elicited by presentation of the CS.  While this 

procedure may best be thought of as having a Pavlovian component, as well as an instrumental 

component (Holland, 1979) – the approach to the magazine and subsequent food consumption 

required to experience the US – it has proven useful in understanding the neuroanatomical and 

neurochemical basis behaviors modulated by learned CS-US associations.    Pavlovian 

approach behavior is controlled by a network of nuclei associated with the ventral striatum 

(Belin et al., 2009a).  For example, lesions of the central nucleus of the amygdala (CeA) and the 

nucleus accumbens core lesions impair Pavlovian approach learning and performance of 

already learned responses, respectively (Parkinson et al., 1999; Parkinson et al., 2000a).  

Disconnection of the nucleus accumbens core and anterior cingulate cortex impairs the 

acquisition of a variant of Pavlovian approach, termed autoshaping, in which conditioning is 

measured as discriminated approach to a reward-paired CS (as opposed to an un-paired CS), 

both of which are spatially distinct from the location of reward retrieval (Parkinson et al., 2000b).  

These studies have led to the formulation of a circuitry underlying approach conditioning 

consisting of anterior cingulate inputs conveying discriminative components of Pavlovian 

approach to the nucleus accumbens core.  The CeA is thought to convey motivational signals 

for Pavlovian approach to the nucleus accumbens core, possibly indirectly via its connections to 

the ventral tegmental area (VTA) (Ahn and Phillips, 2003; Belin et al., 2009a).  The basolateral 
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amygdala and orbitofrontal cortex may further mediate outcome encoding in appetitive 

Pavlovian conditioning procedures (Hatfield et al., 1996; Ostlund and Balleine, 2007).     

Dopamine signaling plays a critical role in Pavlovian approach behavior.  Systemic 

administration of dopamine receptor antagonists reduce conditional food magazine approach 

(Wassum et al., 2011), as well as the expression, rather than the acquisition, of Pavlovian 

approach responses (Flagel et al., 2011).  These systemic effects are likely mediated by the 

above proposed neural circuit, as dopamine depletions of the nucleus accumbens and 

dopamine antagonists delivered to this region impair discriminative Pavlovian approach learning 

and performance of Pavlovian responses (Di Ciano et al., 2001; Dalley et al., 2002; Parkinson et 

al., 2002).  On the other hand, dopamine neurotransmission in the amygdala appears to 

participate in the acquisition, but not performance, of Pavlovian approach behavior (Harmer and 

Phillips, 1999).   

NMDA receptors, through their ability to detect coincident synaptic inputs, have long been 

known to be key regulators of synaptic plasticity, and by extension, learned behaviors (Morris et 

al., 1986; Bliss and Collingridge, 1993; McHugh et al., 1996; Kandel, 2001; Malenka and Bear, 

2004).  The NMDA receptor’s influence on learning can be extended to include Pavlovian 

approach conditioning:  NMDA antagonist administration into the amygdala, nucleus accumbens 

core, or VTA impairs the acquisition of approach behavior (Burns et al., 1994; Di Ciano et al., 

2001; Stuber et al., 2008).  NMDA-dependent increases in AMPA receptor currents in the VTA 

are observed during Pavlovian approach conditioning, highlighting a critical role for excitatory 

transmission and its interaction with dopamine neurons in acquisition of Pavlovian approach 

responses (Stuber et al., 2008).   NMDA and dopamine receptors also been implicated in 

consolidation of Pavlovian approach learning, as infusions of antagonists after daily training 

sessions slows learning  (Dalley et al., 2005).    
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More recently, with the advent of inducible and conditional genetics models, our understanding 

of Pavlovian approach has become more refined: for example, NMDA receptors in the striatum 

and in prefrontal cortex neurons which project to the ventral tegmental area have been shown to 

be highly important to approach learning (Parker et al., 2011a), while optogenetic studies have 

implicated dopamine neuron burst firing activity, as will be discussed in greater depth below 

(Steinberg et al., 2013). 

Instrumental conditioning: neuroanatomy and neurochemistry 

While Pavlovian responses require the nucleus accumbens, and it affects motivational 

components of instrumental responding, it does not appear to encode the central ‘response-

outcome’ association that defines instrumental learning (Corbit et al., 2001; de Borchgrave et 

al., 2002; Kelley, 2004).   Rather, specific compartments of the dorsal striatum, via parallel 

cortico-striatal-thalamic loops, have emerged the key regulators of instrumental response 

acquisition, performance of learned responses, action-outcome contingency sensitivity, goal-

directed response-outcome representation, and habit formation (Robbins and Everitt, 2002; 

Kelley, 2004; Balleine et al., 2007; Robinson et al., 2007; Yin et al., 2008; Shiflett et al., 2010; 

Groman et al., 2011; Ostlund et al., 2011).   Representations relating to the causal effects of 

particular instrumental responses (i.e., the discrimination between contingent and non-

contingent rewards presentation) and outcome encoding appear to be situated in the prelimbic 

prefrontal cortex and the posterior dorsomedial striatum (Corbit and Balleine, 2003; Yin et al., 

2005a; Yin et al., 2005b).  The dorsolateral striatum and the infralimbic PFC, conversely, control 

well-learned instrumental response habits that are no longer sensitive to action-outcome 

contingencies (Coutureau and Killcross, 2003; Yin et al., 2004, 2006a; Corbit and Janak, 2010).  

Thus, over the course of learning a response, the translation of goal-directed behavior into S-R 

habitual behavior is paralleled by a transfer of control of the action from the posterior 

dorsomedial striatum to the dorsolateral striatum. The basolateral amygdala may also contribute 
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to outcome encoding in instrumental responding by associating the sensory features of 

appetitive rewards to the affective consequences of their consumption (Balleine et al., 2003). 

Like Pavlovian conditioning, NMDA receptor activation and NMDA receptor-related 

plasticity throughout the nuclei that comprise a distributed midbrain – striatum – limbic – cortical 

network have been implicated in the development of instrumental responses.  Infusion of an 

NMDA antagonist into the VTA, nucleus accumbens core, basolateral amygdala, or medial 

prefrontal cortex impairs instrumental learning (Kelley et al., 1997; Baldwin et al., 2000; Zellner 

et al., 2008).  NMDA activity within the CeN and posterior lateral striatum has also been 

implicated in instrumental behavior, albeit with less specificity toward learning phases 

(Andrzejewski et al., 2004).  There is also much evidence to suggest that dopamine D1 

receptors are a crucial substrate for instrumental learning (Beninger and Miller, 1998), and 

variation in dopamine efflux has been associated with variation in instrumental learning and 

motivation (Cheng and Feenstra, 2006; Ostlund et al., 2011).   Moreover, several studies 

indicate that an interactive effect of concurrent stimulation D1 and NMDA receptors in the 

facilitation of this learning.  For example, D1 antagonism within the nucleus accumbens core 

impairs learning but also impacts basic motor behaviors, but concurrent infusion of small doses 

of D1 and NMDA antagonists, which when given apart are without effect, selectively impair 

instrumental learning and leave motor behavior intact (Smith-Roe and Kelley, 2000).  D1 

receptor activation within the mPFC is also required for instrumental learning and performance, 

and again, the concurrent infusion of sub-threshold doses of D1 and NMDA receptor 

antagonists into the mPFC impair instrumental learning (Baldwin et al., 2002).  D1 antagonism 

within the BLA and the CeN amygdala also dose-dependently impairs instrumental learning 

(Andrzejewski et al., 2005).    

Within the striatum, it is thought that dopamine exerts a permissive role for NMDA-related 

changes in cortico-striatal and amgydala-striatal synapse efficacy, whereby synapses whose 



10 
 

glutamatergic activity is time-coincident with bursts of dopamine release are selectively 

strengthened (Beninger and Miller, 1998; Kelley, 2004; Horvitz, 2009; Shiflett and Balleine, 

2011).  Thus, when a response elicits a reward, long-term potentiation of striatal synapses 

representing recently elicited actions provides a temporal association mechanism that connects 

the response with the reward and thereby shapes new instrumentally-conditioned behavioral 

patterns (Horvitz, 2009).   Recent studies have used response-contingent optogenetic 

techniques to demonstrate that burst stimulation of dopamine neurons can facilitate instrumental 

responses and/or support instrumental behavior their own right (Adamantidis et al., 2011a; 

Witten et al., 2011b), which likely enables the striatal plasticity processes that encode response-

outcome learning. 

Pavlovian-instrumental interactions 

Though distinct in many ways, Pavlovian and instrumental processes have been demonstrated 

to interact in motivational aspects of reward-seeking.  In addition to modulating food-directed 

behaviors, interactions between Pavlovian and instrumental processes are thought to play a 

critical role in the acquisition of drug dependence and facilitate its maintenance by enabling 

highly motivated drug-seeking behavior (Belin et al., 2009b).  The manners in which Pavlovian 

cues modulate the vigor of an instrumental response have been extensively studied (Balleine, 

2005).  Transfer of motivational influence from the CS to the instrumental response can be 

controlled through association between the CS and sensory properties of the US with which it 

was paired, or through association between the CS and the general motivational properties of 

the US (Dickinson and Dawson, 1987; Balleine, 1994; Colwill and Motzkin, 1994; Corbit and 

Balleine, 2003).  The nucleus accumbens shell and basolateral amygdala are implicated in the 

former, and the orbitofrontal cortex, accumbens core, and the central nucleus of the amygdala 

in the latter.  (Corbit et al., 2001; Hall et al., 2001; Corbit and Balleine, 2005; Ostlund and 

Balleine, 2007).   
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Another manifestation of Pavlovian-instrumental interactions is derived from conditioned 

reinforcement tests: here, appetitive CSs can themselves come to acquire their own incentive 

properties (Bindra, 1974; Bolles, 1975) that can directly reinforce novel instrumental responses 

(Mackintosh, 1974).  The neuroanatomical substrates of conditioned reinforcement considerably 

overlap with those which control the invigorating effects of CSs, involving the basolateral 

amygdala, nucleus accumbens core, and orbitofrontal cortex (Cador et al., 1989; Parkinson et 

al., 1999; Pears et al., 2003; Burke et al., 2008).  The same is true for neurochemistry: 

responding for conditioned reinforcement is enhanced by facilitation of nucleus accumbens shell 

dopamine transmission (Robbins, 1978; Taylor and Robbins, 1984, 1986; Robbins et al., 1989), 

and blocking dopamine receptors prevents the response invigorating effects of cues (Dickinson 

et al., 2000; Wassum et al., 2011).   

The interaction between Pavlovian cues and instrumental behavior is thought to depend upon 

basolateral amydala neurons’ glutamateric afferents to the nucleus accumbens; these respond 

to reward-predictive cues, which in turn drive cue-evoked firing in the nucleus accumbens 

(Ambroggi et al., 2008; Tye et al., 2008).  This, in combination with dopamine signaling, is 

thought to enable the influence of Pavlovian cues on instrumental reward-seeking and 

conditioned reinforcement (Yun et al., 2004; Ambroggi et al., 2008; Jones et al., 2010; Stuber et 

al., 2011). 

The debate over dopamine’s role in reward-related learning 

The midbrain dopaminergic system has long been recognized as a key player in a variety of 

reward-seeking behaviors (Bozarth, 1994), and literature presented above strongly supports this 

assertion.  Despite it being perhaps the most studied molecule in the field of reward-related 

learning, the precise nature of its involvement has been highly contentious.   
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Of the 11 known dopaminergic cell groups, A9 and A10, corresponding to the substantia nigra 

pars compacta and the VTA, have received the most attention from researchers.  Substantia 

nigra pars compacta dopamine neurons project primarily to the caudate and putamen, via the 

nigrostriatal pathway, while VTA dopamine neurons innervate limbic structures (e.g., nucleus 

accumbens, amygdala, hippocampus), via the mesolimbic pathway, and cortical structures, via 

the mesocortical pathway. Dopamine receptors are segregated into two classes: D1/D5 

receptors, which are Gs/olf-coupled, and primarily excitatory effect on striatal medium spiny 

neurons; and D2/D3/D4 receptors, which are Gi/o-coupled, and therefore exhibit approximately 

opposite effects on signal transduction pathways and cell excitability.  Though many exceptions 

have been observed, on net, D1-family receptor activation is associated a cascade of signaling 

events that leads to induction of long term potentiation (LTP), while D2-family receptor activation 

is associated with LTD-induction (Shen et al., 2008; Wall et al., 2011).   

Dopamine and reward 

Initial conceptualizations of the role of dopamine in appetitive learning centered on the notion 

that dopamine signals controlled the positive subjective effects of rewards; that is, dopamine 

signals were thought of as being the neural instantiation of reward itself.   Studies identified 

mesolimbic dopamine transmission as the most important component of reinforcing medial 

forebrain bundle stimulation (Wise, 1978; Gallistel and Davis, 1983; Wise and Bozarth, 1984; 

Gallistel et al., 1985; Bozarth, 1994).  Thus, VTA dopamine transmission was theorized to be 

the principle neural mechanism responsible for reward-elicited hedonic experiences (Wise, 

1980; Wise and Bozarth, 1984; Bozarth, 1987; Koob and Le Moal, 2001).   A variety of lines of 

evidence, each implicating dopamine in a domain of rewarding experience, support this claim 

(Wise and Rompre, 1989).  Food rewards elicit responses from dopamine cells and increase 

dopamine efflux in the nucleus accumbens (Hernandez and Hoebel, 1988; Apicella et al., 1991; 

Smith et al., 1995).   Moreover, all drugs of abuse, through their mechanisms of action, either 
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directly or indirectly increase brain dopamine levels (Wise and Bozarth, 1987; Di Chiara and 

Imperato, 1988) 

However, dopamine depletion studies in mice demonstrate that in the context of very small brain 

concentrations of dopamine, reward preference, pleasurable responses to palatable stimuli, or 

deprivation-induced changes in palatability are preserved (Berridge et al., 1989; Peciña et al., 

1997; Cannon and Palmiter, 2003; Berridge and Aldridge, 2008; Wassum et al., 2011). 

Dopamine is also not required for the reinforcing effects of some drug rewards, such as 

morphine (Hnasko et al., 2005), and even within the intracranial self-stimulation paradigm, 

dopamine cell firing does not track well with the rates of behavioral output that presumably 

reflect brain reward (Kilpatrick et al., 2000).  Evidence against a selective role in reward is also 

derived from numerous demonstrations of aversive stimuli increasing (or inhibiting) dopamine 

neuron activity or extracellular dopamine levels, and furthermore, dopamine antagonists or 

reducing dopamine neuron activity can impair some forms of learning about aversive events 

(Schultz and Romo, 1987; Sorg and Kalivas, 1991; Salamone, 1994; Horvitz, 2000; Ungless et 

al., 2004; Brischoux et al., 2009; Matsumoto and Hikosaka, 2009; Lammel et al., 2011; Zweifel 

et al., 2011). 

Dopamine and behavioral invigoration and effort 

Striatal dopamine is known to modulate locomotor activation and the arousal of behavior and 

attention by reinforcing events (Schultz, 1988; Delfs et al., 1990; Albin et al., 1995; Redgrave et 

al., 1999; Correa et al., 2002; Dauer and Przedborski, 2003).  Consequently, dopamine has 

been conceptualized as a mediator of the “activational” or “energetic” processes that enable 

animals to engage in vigorous responses and other highly motivated behaviors (Salamone, 

1994; Salamone and Correa, 2002; Robbins and Everitt, 2007).  Here, dopamine is seen as a 

regulator of activational state, which has the primary function of amplifying, encouraging, or 
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organizing preparatory behavior in light of an anticipated reinforcing event  (Robbins and Everitt, 

1992; Salamone and Correa, 2002; Barbano and Cador, 2007; Robbins and Everitt, 2007).   

Consistent with this approach, nucleus accumbens dopamine depletions do not affect primary 

motivation for food, nor instrumental responding when the number of responses required to 

obtain reinforcement is low, but do impair performance when those requirements are large 

(Aberman and Salamone, 1999; Salamone et al., 2001; Correa et al., 2002).  In intact rats, 

moderate fixed ratio schedules of reinforcement normally enhance response rates, but this 

effect is lost in dopamine-depleted animals (Salamone et al., 2003; Mingote et al., 2005).  

Dopamine and reward prediction error 

Dopamine cells exhibit three modes of firing: an inactive/hyperpolarized state, a tonic, 

background level of discharge of approximately 2-4 Hz, and a transient, “phasic” bursting mode 

where cells fire at 10-20 Hz with inter-spike intervals of less than 80 ms (Grace and Bunney, 

1984a, b; Hyland et al., 2002; Grace et al., 2007; Zhang et al., 2009; Wall et al., 2011) which is 

particularly efficacious at increasing dopamine release (Gonon, 1988; Bean and Roth, 1991).  A 

considerable body of evidence derived from electrophysiological recordings of midbrain neurons 

in primates suggests that phasic dopamine signals are the neural instantiation of the prediction 

error signal as implemented by temporal difference learning algorithms and the Rescorla-

Wagner model (Rescorla and Wagner, 1972; Schultz et al., 1993; Schultz et al., 1997; 

Hollerman and Schultz, 1998; Sutton and Barto, 1998).  Here, phasic dopamine signaling 

represents the difference between predicted and actually received rewards (Schultz, 2002).  

Before a neutral cue is paired with a reward, the cue itself does not elicit a dopamine spike, but 

unanticipated presentations of the reward do.  This firing represents a “positive prediction error”, 

in that a reward was delivered that was not expected given the set of cues present (Hollerman 

and Schultz, 1998).  Over successive trials, when contingent pairings of cue and reward are 

provided, the cue itself comes to elicit dopamine cell firing, while the reward elicits a lesser 
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degree of dopamine activity, as it is partially expected.  At the end stages of learning, the 

dopamine signal has fully back-propagated to the time of the CS that predicts it.  However, 

when an expected reward is omitted, a “negative prediction error” occurs, and dopamine cell 

firing rates drop below baseline (Hammond, 1980; Mirenowicz and Schultz, 1994; Schultz et al., 

1997; Schultz, 2007).   Prediction error signals with these properties have also been observed in 

humans using functional brain imaging (McClure et al., 2004; O'Doherty, 2004; Pessiglione et 

al., 2006) and in rodents using dopamine-detecting fast-scan cyclic voltammetry (Day et al., 

2007; Clark et al., 2010).  More generally, dopamine signals comply well with classic 

behaviorists’ theories; for instance, because transient reward-related dopamine signals occur 

only when deviations from expectancies occur, dopamine prediction error signals track with the 

behavioral effect of blocking, wherein conditional stimuli that fully predict a reward ‘block’ the 

ability of other subsequently trained stimuli to acquire predictive strength (Kamin, 1969; Waelti 

et al., 2001).  Transient optically-elicited dopamine release has recently been shown to ‘unblock’ 

conditioning to a stimulus that would normally undergo blocking, suggesting a causal role for 

phasic transmission in blocking (Steinberg et al., 2013), and by proxy, a causal role in learning 

from prediction error.   

Dopamine as an incentive salience signal 

Incentive motivational accounts of goal-directed behavior describe behavior as being “pulled” 

towards stimuli imbued with incentive motivational properties (Bolles, 1972; Bindra, 1978; 

Toates, 1986; Balleine and Dickinson, 1998).  These motivational properties have been thought 

of as being conveyed by dopamine signaling.  That is. stimuli  – both USs and CSs – acquire 

incentive motivational properties that can attract an animal towards them, via coincident 

presentation during phasic dopamine release.  And it is this signal that is considered to deploy 

these motivational properties: dopamine is thought to transform rewards and cues from being 

merely pleasurable, or ‘liked,’ to being ‘wanted,’ attractors of behavior with enormously 
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significant motivational properties (Berridge and Valenstein, 1991; Robinson and Berridge, 

1993; Berridge and Robinson, 1998). 

Here, dopamine is explicitly hypothesized to not mediate associative learning per se (i.e., it has 

no role in the acquisition of the CS-US or response-US contingency), but instead controls 

attachment of incentive value to stimuli, which in turn facilitates associative learning (Berridge, 

2007; Flagel et al., 2011).  Conditional stimuli that have acquired incentive properties through 

their association with unconditional incentive rewards are claimed, under this theory, to carry 

several properties over and above simple associative information.  Three properties of incentive 

conditional stimuli that differentiate them from outcome-predictive conditional stimuli have been 

proposed: the cue acts as a conditioned reinforcer, in that its presentation can support 

acquisition of a novel instrumental response; the cue can elicit ‘wanting’ of the US (i.e., 

Pavlovian-instrumental transfer); and the cue can attract behavior towards itself (Berridge et al., 

2009).   The enhancement in the ability of Pavlovian cues to themselves support instrumental 

responding after amphetamine administration is taken as evidence for dopamine’s central role in 

the the first property of incentive conditional stimuli (Robbins, 1978; Taylor and Robbins, 1984, 

1986;  but see Winterbauer and Balleine, 2007).  The dependence on dopamine receptors on 

the ability of Pavlovian stimuli to invigorate instrumental responding (i.e., cue-triggered 

‘wanting’) and the heightening of process by dopamine releasing drugs, as well as its tracking 

with phasic dopamine signals (Dickinson et al., 2000; Wyvell and Berridge, 2000, 2001; Ostlund 

et al., 2014) are taken as evidence for the second. .  These findings also have been suggested 

to refute the prediction error theory of dopamine in so far as the effects of dopamine 

manipulations on changes in cue-elicited behavior are immediate: they do not require re-

exposure to their associated rewards, and therefore do not require the experience of prediction 

errors (Berridge, 2007) 
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Support for a role of dopamine in the third property of incentive conditional stimuli, the 

gravitation of behavior towards the stimulus itself, comes from the study of individual differences 

in CRs to reward-predictive cues.  It has long been known that considerable variance in CRs 

does exist; in the conditional salivary reflex in dogs, some dogs tended to approach the location 

of food delivery, whereas others tended to approach the predictive stimulus itself (Zener, 1937).  

These individual differences in direction of approach also exist in rats, as detected by 

‘autoshaping’ procedures, which differ from Pavlovian magazine approach procedures 

described above in a subtle but significant way.  Upon CS presentation, some animals will 

approach the location of reward delivery (‘goal-tracking’ behavior), while others will forego that 

location in order to interact with the CS itself (‘sign-tracking’ behavior), often in a manner that 

resembles food consummatory behavior, such as biting or gnawing (Jenkins and Moore, 1973; 

Boakes, 1977; Tomie, 1996).  In rats, this tends to take place when CSs are manipulable (i.e,, 

operandi such as movable levers) or are easily localized visual cues (e.g., stimuli on a 

touchscreen monitor).  Because the rate at which sign-tracking animals and goal-tracking 

animals increase the expression of their respective CRs over the course of training does appear 

to not differ, it has been argued that their cue-outcome contingency learning rates are 

equivalent (Robinson and Flagel, 2009).  Rather, because it is the degree to which the CS pulls 

behavior towards directly toward it that differs, sign-tracking is taken to reflect stronger 

attribution of incentive salience to the cue, relative to goal-tracking (Flagel et al., 2009).  Under 

the incentive salience theory of addiction, these individual differences in tendency to attribute 

strong incentive salience to reward-associated cues are thought to reflect risk-markers for the 

development of addiction (Flagel et al., 2010).   

Evidence for a differential role of dopamine in sign-tracking and goal-tracking comes from the 

observation that sign-trackers exhibit differences in dopamine system-related transcript levels 

(Flagel et al., 2007), and repeated amphetamine treatment increases sign-tracking, but not goal-
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tracking (Doremus-Fitzwater and Spear, 2011; but see also Simon et al. 2009).   Sign-tracking 

animals also display greater responding in tests of conditioned reinforcement that are known to 

be sensitive to perturbations of the mesolimbic dopamine system (Robbins et al., 1989; 

Robinson and Flagel, 2009).  Most recently, it has been shown that dopamine receptor 

antagonism inhibits learning of a sign-tracking response, but not a goal-tracking response 

(Flagel et al., 2011), strongly suggesting a dissociation between incentive motivational and 

contingency learning processes.  Moreover, over the course of learning, sign-trackers develop 

CS-evoked dopamine prediction error signals that are of greater intensity, and the full back-

propagation of the dopamine signal from the US to the CS – that is, the loss of US-evoked firing 

that has been observed for well-learned associations in primates (Schultz et al., 1997) – is more 

common in sign-trackers than in goal-trackers (Flagel et al., 2011).  Because goal-trackers’ 

dopamine signals appear to violate tenets of traditional prediction error signals (i.e., US to CS 

back-propagation of the signal as prediction errors converge to zero when contingency is well-

acquired), this result is taken to mean that phasic dopaminergic responses recorded by Schultz 

and colleagues during learning are not at all teaching the predictive relationships between CSs 

and USs, but rather play a role in instructing the attribution of incentive salience to the reward-

predictive cues.   

Seeking new insight into reward-related learning 

Though the precise nature of its involvement is still controversial, the aforementioned literature 

has made a strong case for the involvement of dopamine in reward-seeking behaviors.  In sum, 

though aspects of appetitive reward and learning are possible in the absence of dopamine 

(Cannon and Palmiter, 2003; Robinson et al., 2005), dopamine is clearly thought to play a 

modulatory role in driving acquisition and performance of conditioned behaviors (Taylor and 

Robbins, 1984; Parkinson et al., 2002; Kelley, 2004; Berridge, 2007; Salamone et al., 2007; 

Schultz, 2007; Cohen and Frank, 2009; Tsai et al., 2009; Bromberg-Martin et al., 2010).  
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Nevertheless, the finding of reward preference and reward learning in the absence of dopamine 

remains a compelling caveat which has important implications for the study of these behaviors.  

While learning in the absence of dopamine by no means confirms that learning in intact animals 

does not normally utilize dopamine, it does highlight the fact that dopamine is not the end all 

and be all of reward-related learning.  This conclusion highlights the importance of seeking new 

molecular substrates of reward-seeking behavior in order to make meaningful progress in our 

understanding of the neural basis of these behaviors and the psychiatric conditions in which 

they are dysregulated. 

Hypothesis-based approaches to the discovery of regulators of reward-related learning have 

indeed led to the discovery of new genes that control instrumental learning (Lobo et al., 2007), 

and targeted genetic knockouts and models of single-gene human disorders have long been 

used in identifying the genetic basis of learning (Dudai et al., 1976; Tang et al., 1999; Kushner 

et al., 2005; Roubertoux and Carlier, 2010). However, another avenue for discovery of novel 

molecular regulators of reward-seeking behaviors is through the hypothesis-free study of 

individual differences in the traits.  We argue that reward-based instrumental and Pavlovian 

learning are the foundation for many learned behaviors in humans, and clearly, there is 

tremendous variation in reward-seeking behaviors.  Model organisms also exhibit quantitative 

variation in these traits.    Measurement of these traits in genetically heterogeneous sets of 

model organisms, such as panels of inbred mouse strains, allows one to harness the power of 

mouse-based genome-wide association scanning for the discovery of novel neurogenetic 

determinants of naturally-occurring variation in reward-related learning.  Importantly, this natural 

variation includes both quantitative variation within the range of ‘normalcy’ and also variation 

outside that range; therefore, this approach allows simultaneous study of genetic mechanisms 

controlling basic human reward-seeking behaviors and also extreme forms of reward-seeking 

that are associated with psychiatric conditions.   
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It is important to state that several major criticisms have levied against genetic screens using 

mice; perhaps the most serious is that mouse genome scans have not resulted in the discovery 

of many genes that control complex traits (Bennett et al., 2010).  This is owed primarily to two 

factors.  The first is that low genetic recombination rate results in low chromosomal mapping 

resolution in mouse linkage studies (Bennett et al., 2010).  The second is that genetic 

inheritance patterns of complex traits are themselves complex.  More often than not, the 

phenotype is regulated by many genes, each of which have small effect sizes (Crusio, 2004b; 

Valdar et al., 2006).   Genome-wide association studies using sets of commonly studied inbred 

mice sought to address the first limitation. Unfortunately, these methods failed to address the 

second limitation, in that they have poor power to detect low (i.e., realistic) effect size genetic 

signals (Bennett et al., 2010; Su et al., 2010).  Moreover, mouse genome-scans are susceptible 

to spurious findings because unequal relatedness amongst different strains results in complex 

population genetic substructures; failure to control for these effects leads to violation of 

independence assumptions, which dramatically inflates Type I error rate (Helgason et al., 2005; 

Payseur and Place, 2007; Kang et al., 2008; Bennett et al., 2010; Su et al., 2010). Several 

strategies, including genomic control and principle components analysis, have been developed 

to correct for population substructure, but for a variety of reasons, they are inappropriate for 

mouse genome-wide association scans (Kang et al., 2010). 

However, recent advancements in design of mouse panels and statistical techniques have 

made great strides in addressing these problems.  The Hybrid Mouse Diversity Panel (HMDP) 

combines classical inbred strains with recombinant inbred mice to form a set of mice that affords  

significantly greater genomic resolution and statistical power to detect small effect genes than 

traditional panels (Bennett et al., 2010), and mixed models capable of handling population 

substructure are readily available (Kang et al., 2008; Lippert et al., 2011).  Consequently, 

utilizing mouse genomics approaches in concert with systems genetics tools presently 
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represents an exciting avenue towards the discovery of new genetic regulators of reward-

seeking behaviors. Because inbred mice constitute a renewable genetic resource population, 

they are also ideal for systems genomics approaches which combine information gathered from 

multiple studies. These tools can be used to narrow the list of candidate genes garnered from 

genome-wide association studies, but also to discover novel molecular, cellular, and inter-

cellular mechanisms related to quantitative traits.  As such, they have the potential to elucidate 

genomic interactions at multiple levels of analysis that relate to reward-seeking behaviors.  

Identifying such loci may not only inform the structure of genetic risk for psychopathologies in 

which reward-related learning is aberrant, but given the degree to which reward-seeking 

pervades human behavior, may yield insight into the genetics of a wide range of behaviors: 

higher order learning processes, and responsivity to feedback, impulsive behavior, and many 

other aspects of temperament are all plausible candidate phenotypes for which genetic 

landscape could be illuminated.  
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AIMS OF THE DISSERTATION 

Aim 1: Broaden our understanding of the role of dopamine in reward-related learning by 

characterizing the effects of attenuation of phasic dopamine on instrumental learning, 

Pavlovian approach, and incentive salience attribution 

 

Phasic dopamine signaling is thought to play a critical role in aspects of reward-related learning.  

Using a conditional knockout strategy, we have found that attenuation of phasic dopamine 

release impairs acquisition of food-reinforced instrumental responding, but does not influence 

appetitive Pavlovian approach conditioning.  Recent evidence suggests that quantitative 

variation in the magnitude of phasic dopamine release relates to individual differences in the 

degree to which appetitive Pavlovian cues become desired and attract behavior (sign-tracking).  

Such attribution of incentive value, in its extreme form, is thought to play a critical role in 

addictive disorders by allowing drug-associated stimuli to exert tremendous control over 

behavior, and therefore elicit craving and drug-seeking behavior.  However, causal evidence 

linking phasic dopamine release to incentive salience attribution to reward-paired cues is 

lacking.  Using a conditioning paradigm sensitive to individual differences in incentive value 

attribution, we aimed to extend our characterization of the role of phasic dopamine using our 

conditional knockout mouse model by examining whether genetic suppression of the amplitude 

of phasic dopamine release elicits a reduced tendency of reward-associated cues to attract 

behavior.  Together with our already collected data, this aim seeks us to create a 

comprehensive picture of the role of phasic dopamine in reward-related learning and will 

contribute to the understanding of its impact in addictive behaviors and other psychiatric 

disorders characterized by distortions in instrumental and Pavlovian reward-seeking behaviors. 

 

Aim 2:  Reveal new genetic and transcriptomics determinants of reward-seeking 

behaviors by leveraging genome-wide association strategies with systems genetics tools  
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This aim will apply the instrumental learning paradigm that that we have used to characterize 

instrumental learning in Aim 1, but here, rather than testing a hypothesis about dopamine, we 

will use hypothesis-free genome-wide discovery methods to identify novel molecular regulators 

of this behavior.  Extreme variations in the motivation to exploit the environment to obtain 

rewards through reward-based learning may underlie maladaptive behaviors that characterize 

various psychiatric disorders, namely substance dependence and morbid obesity. However, 

little is known about the genetic markers that modulate these individual differences in reward-

related behaviors.   The combination of a recently developed hybrid mouse panel with novel 

statistical methods that can control for population substructure effects, which have historically 

confounded mouse-base genome-wide scans, now permits mouse genome-wide association 

studies that have considerable improvements in power, resolution, and validity over previous 

approaches.   Utilizing these methods, a genome-wide association study of appetitive 

instrumental learning is the aim of this study.  Moreover, this aim sought to deepen our 

understanding of these behavioral processes by application of the array of systems genetics 

tools available by virtue of studying a continuously available inbred panel.  This approach will 

allow identification of novel genetic determinants of variation in multiple components of reward-

related behaviors that are not only germane to psychiatric conditions, but also intricately related 

to a broad spectrum of goal-directed human behaviors. 
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CHAPTER 2 

Compromised NMDA/Glutamate receptor signaling in dopamine neurons impairs 

instrumental learning, but not Pavlovian goal-tracking or sign-tracking 

Abstract 

Dominant theories regarding of the role of phasic dopamine (DA) transmission in learning 

include its conceptualization as the vehicle by which incentive salience is conveyed to rewards 

and associated cues, and as a contingency teaching signal reflecting reward prediction error. 

Nevertheless, a causal role for phasic DA cell firing in reward-related learning is not yet fully 

established. Because some forms of plasticity, and the occurrence phasic bursting events in 

dopamine neurons are mediated by the NMDA/glutamate receptors (NMDAR), we utilized the 

cre-recombinase system to generate mice that either fully or partially lacked NMDARs in DA 

neurons exclusively, as well as appropriate controls, to test the premise that phasic DA 

transmission modulates 1) goal-directed instrumental learning processes, 2) the ability to learn 

the predictive value of cues during Pavlovian approach learning, and 3) the likelihood of 

Pavlovian cues to become highly motivating incentive stimuli that directly attract behavior.  Loss 

of NMDARs in DA neurons did not significantly affect locomotor behavior or free reward 

consumption levels. On the other hand, animals lacking NMDARs in DA cells exhibited a 

selective reduction in active lever responses that emerged over the course of instrumental 

learning. Loss of receptor expression did not, however, influence Pavlovian approach learning, 

nor the likelihood of an animal exhibiting a conditional response associated with elevated 

attribution of incentive salience to reward-paired cues (sign-tracking).  These data endorse a 

dissociation in the role of DA neuron NMDARs, and by extension, quantitative reductions in 

phasic DA neuron firing patterns, in reward-related learning. These data do not support 
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hypotheses suggesting that the biological significance of the phasic DA signal strictly conforms 

to incentive salience or prediction error perspectives. 

Introduction 

The electrical activity of dopamine neurons, and associated activity-dependent synaptic release 

of dopamine, is thought to be critical to reward-related learning and behavior (Wise and 

Rompre, 1989; Robbins and Everitt, 1992; Robinson and Berridge, 1993; Salamone, 1994; 

Schultz et al., 1997; Redgrave et al., 1999; Frank et al., 2004; Kelley, 2004).   A considerable 

body of evidence, derived mostly from electrophysiological recordings of midbrain neurons in 

primates and voltammetry recordings of dopamine release in rodents, implicates burst firing  

(brief event-related, high-frequency discharge activity) and associated non-linear, phasic 

increases in the quantity of transmitter released of dopamine cells (Grace and Bunney, 1984b; 

Gonon, 1988; Bean and Roth, 1991) as the neural instantiation of the prediction error signal that 

figures in both classical and modern mathematical learning models (Rescorla and Wagner, 

1972; Schultz et al., 1993; Schultz et al., 1997; Hollerman and Schultz, 1998; Sutton and Barto, 

1998; Day et al., 2007; Clark et al., 2010).  In these models, phasic aspects of dopamine 

signaling represent the difference between predicted and actually received rewards (Schultz, 

2002), information used to update expectancies of the organism as it experiences the 

contingent relationships between stimuli that predict biologically significant outcomes, and the 

responses that produce them.   

An alternate perspective regards phasic dopamine as the mechanism by which stimuli and 

internal representations of those stimuli become attractive and focused upon, which is termed 

incentive salience attribution (Crow, 1976; Berridge and Valenstein, 1991; Robinson and 

Berridge, 1993; Berridge and Robinson, 1998).  This process transforms rewards and cues that 
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predict them from being merely pleasurable, or ‘liked’ stimuli, to being ‘wanted’ attractors of 

motivated behavior and attention.   

Both the prediction error and incentive salience perspectives are supported by the results of 

experiments that evaluate the behavioral effects of manipulations of dopamine transmission, 

such as optogenetic reinforcement of instrumental and Pavlovian behavior (Tsai et al., 2009; 

Witten et al., 2011a).  However, the study of individual differences in the degree to which 

appetitive Pavlovian cues become desired and attract behavior (measured using sign-tracking 

behaviors), rather than elicit approach to the locale of imminent reward delivery, offers a unique 

paradigm in which the two perspectives make distinct predictions.   Contingency learning via 

prediction error signals, expressed by goal-tracking, can be distinguished from contingency 

learning that also involves incentive salience attribution, expressed as sign-tracking (Robinson 

and Flagel, 2009).  Recent evidence suggests that quantitative variation in the magnitude of 

cue-evoked phasic dopamine release relates to individual propensity to engage in sign-tracking 

rather than goal-tracking (Flagel et al., 2011): sign-tracking subjects exhibited greater 

conditional stimulus-elicited dopamine transients than goal-trackers.  However, causal evidence 

linking phasic dopamine release to incentive salience attribution to reward-paired cues remains 

lacking.   

Because NMDA/glutamate receptors are a critical determinant of phasic firing activity of 

dopamine neurons (Suaud-Chagny et al., 1992), phasic dopamine release is attenuated in a 

mouse model lacking NMDA receptors in dopamine neurons (Zweifel et al., 2009; Luo et al., 

2011).  This mouse model represents a useful systemwith which to directly interrogate the 

effects of quantitiative reduction of endogenously-generated phasic dopamine signaling on 

behavioral processes.  Here, we use this system to evaluate the role for phasic dopamine 

signaling in instrumental learning, Pavlovian magazine approach, and sign-tracking/goal-

tracking. These studies are an effort to offer a comprehensive characterization of the role of 
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phasic dopamine in reward-related learning, and in particular, to ascertain variation evoked 

phasic dopamine release is causally related to incentive salience, but not prediction error-based 

contingency learning, as suggested by Flagel et al. 2011.   

Methods 

Mouse lines 

B6.SJL-Slc6a3tm1.1(cre)Bkmn/J (Jackson Laboratory stock number 006660; referred to here as 

DATcre+) mice, each heterozygous for mutated dopamine transporter (DAT) gene with an 

internal ribosomal entry site cre recombinase allele, and B6.129S4-Grin1tm2Stl/J (stock number 

005246, referred to here as NR1flox/flox) mice were purchased from the Jackson Laboratory (Bar 

Harbor, ME, USA).  In DATcre+ mice, cre recombinase cDNA was inserted into the 3’ 

untranslated region of the DAT gene for bicistronic mRNA translation; cre-mediated 

recombination is detectable in this line as early as E15 and is primarily restricted to the 

substantia nigra, VTA, and retrorubral field (Backman et al., 2006).  Recombination is also 

observed in prefrontal cortex and amygdala-projecting dopamine neurons, which are known to 

express minimal levels of DAT (Luo et al., 2011).  NR1flox/flox mice have a loxP site between 

exons 11 and 12 and another loxP site, along with a neomycin resistance gene, at the 3’ end of 

the Grin1 gene (Tonegawa et al., 1996).  The NR1 gene is an obligatory component of the 

functional NMDA receptor (Forrest et al., 1994), which regulates dopamine cell phasic firing by 

facilitating temporal summation of excitatory inputs, a consequence of its slow inactivating 

kinetics (Suaud-Chagny et al., 1992; Overton and Clark, 1997).  Conditional inactivation of NR1 

blocks NMDA (Tsien et al., 1996a), thereby resulting in attenuation of the magnitude of phasic 

dopamine release to approximately 30% that of controls (Zweifel et al., 2009; Parker et al., 

2010). 
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Male DATcre+ mice were bred with female NR1flox/flox mice; the DATcre+ males in the resulting 

F1 generation were further bred with a different set of female NR1flox/flox mice to create DATcre–

;NR1flox/wt, DATcre–;NR1flox/flox, DATcre+;NR1flox/wt
, and DATcre+;NR1flox/flox mice (collectively 

referred to as “DATcre;NR1 mice”).  Male DATcre+ mice were also crossed to female 

B6.129S4-GT(ROSA)26Sortm1Sor/J  (stock number 003474; referred to as ROSA26-LacZ) 

reporter mice (Soriano, 1999), obtained from Dr. Alcino Silva’s laboratory at UCLA.  DATcre, 

NR1, and LacZ zygosity were determined using conventional PCR methods.  Mice were 

approximately 60-120 days old when introduced into the study.  All subjects were housed in 

cages of between two and four mice with Sani-Chip cage bedding (PJ Murphy Forest Products, 

Montville, NJ), in temperature and humidity controlled rooms with 14/10 hour light/dark cycles 

(on 5:00 A.M. and off 7:00 P.M.).  Behavioral testing was conducted during the light cycle.  Food 

was available ad libitum during locomotor behavior and free reward consumption testing, but 

was restricted during other experiments, as detailed below.  All experimental protocols were 

consistent with the US Public Health Service Guide for the Care and Use of Laboratory Animals 

and were approved by the Chancellor's Animal Research Committee at University of California 

at Los Angeles. 

LacZ X-Gal staining 

Successful cre-driven transfection cleaves the floxed polyadenylation site that precedes the 

beta-galactosidase gene in ROSA26-LacZ mice, which is visualized by staining for the 

enzymatic substrate of beta-galactosidase, the chromogen 5-bromo-4-chloro-3-indolyl-β-d-

galactopyranoside (X-gal) (Zhuang et al., 2005). DATcre+ mice either carrying, or not carrying, 

the ROSA26-LacZ gene were transcardially perfused with freshly mixed 4% cold 

paraformadehyde.  Brains were stored in paraformadehyde for one day, then switched to a 30% 

sucrose/PBS solution and stored until they sank in the solution.  Slices of 40 µm width were cut 

in a cryostat and rinsed in phosphate buffered saline (PBS).  The staining solution contained 
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85.33 mg potassium ferrocyanide, 64 mg potassium ferricyanide, 4 mL of 20 mM MgCl2, 36 mL 

PBS, 60 mg X-gal, and 800 µL dimethylforamide.  Solution was allowed to react with brain slices 

at 37° C for 48 hours, then rinsed again with PBS and mounted on slides.   

Quantification of monoamine utilization in the striatum 

DATcre;NR1 mice (males and females, n = 8 – 10 per genotype) were euthanized by rapid 

decapitation and tissue punches were taken from the ventral striatum.   Tissue samples were 

rapidly frozen for subsequent analyses of monoamines and their metabolites using high 

pressure liquid chromatography (HPLC) as described in detail in Jentsch et al. (1997): tissue 

was homogenized in 0.1 M perchloric acid, and 200 uL of supernatant was quantified  acid by 

reverse-phase column HPLC (BAS, West Lafayette, IN) at 0.7V applied using a 7% acetonitrile-

based mobile phase.   Protein homogenates were quantified using the Lowry method (Lowry et 

al., 1951).   

Locomotor activity in a novel context 

165 DATcre-NR1 mice were used (both males and females, n = 31 to 36 per genotype; 

locomotor data for 36 mice lost due to equipment failure).  Mice were placed in Opto M3 

locomotor activity monitors (Columbus Instruments, Columbus, OH, USA) with 1” spaced x- and 

z-axis infrared beam emitters.  Locomotor behavior was monitored for 30 minutes (data 

collected in 5-min time bins) in standard Plexiglas rat-sized (25 x 45 cm) cages with a thin layer 

of bedding.  A second rat-sized cage was inverted upon the first to prevent animals from 

jumping out of the monitoring area. 

Free consumption of a palatable reward 

Subsequently, the same mice used in the locomotor experiment (n = 40 to 42 per genotype) 

were habituated to a two bottle free choice palatable reward consumption procedure over the 
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course of two days.  Mice were exposed to 2-h sessions of individual housing with access to two 

Lixit tube-equipped water bottles, one filled with water and the other filled with a 10% v/v 

sweetened condensed milk solution (Kroger, Cincinnati, OH).  Bottle positions (i.e., left side of 

the cage versus right side, order counterbalanced across genotypes) were switched on the 

second day of habituation.  Testing began the following day: bottle positions were again 

switched, and data were collected for two days; a final switch, followed by two days of data 

collection concluded the procedure.  Data presented are averages of consumption levels on the 

second day of placement on each side (i.e., post-habituation days two and four); this strategy 

was used to mitigate any innate side preferences and also give time for animals to adapt to the 

switching of reward location.  

Instrumental conditioning  

A new set of 112 experimentally-naïve mice (all male, n = 22 to 27 per genotype, reflecting 11 

mice excluded due to pellet dispenser or lever failure) were provided limited access to chow in 

their home cages in order to achieve body weights approximately 85% of their free-feeding 

levels.   Mice were exposed to 0.5 grams of the reinforcer pellets (14 mg Dustless Precision 

Pellets; Bio-Serv, Frenchtown, NJ) used for subsequent behavioral experiments in their home 

cages during the first day of food restriction.  Body weight was maintained at this level by 

providing a customized amount of standard rodent chow, at least 1 hr after testing finished.  

Mice were trained on sequential days in extra-wide aluminum and polycarbonate Med 

Associates (St. Albans, VT) modular mouse testing chambers, each stationed inside a sound-

attenuating chamber and equipped with a white noise generator, house light (both on during all 

experiments), and a tone generator.  A horizontal array of five illuminable nose-poke apertures 

formed one side of the box, and on the other resided an illuminable pellet delivery magazine 

with an entry-detection photocell.     Chambers also contained two retractable ultra-sensitive 
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mouse levers (2 g force requirement for actuation; Med Associates, St. Albans, VT); these 

levers were positioned one each on either side of the food magazine. 

Training began with two days of familiarization to delivery of food pellets to the magazine.  Fifty 

pellets were delivered to the magazine on a fixed-time 30-s schedule, each followed by a 2-sec 

illumination of the magazine.  Ten daily 30-minsessions of instrumental training followed.  

Sessions began with the extension of both levers, and responses on the active lever 

(designated left versus right in a counterbalanced fashion across genotypes) that completed the 

ratio schedule resulted in a 50-ms tone pulse, along with a pellet delivery and a 2-sec 

illumination of the magazine light.  The first 10 pellets per session were delivered on a fixed-

ratio 1 schedule; subsequently, pellets were delivered on a variable-ratio 2 schedule.  

Responses to the inactive lever were recorded but had no programmed consequence.  A 0.5-s 

time-out followed each pellet delivery, though responses made during this period did count 

towards completion of the next reinforcement schedule (but could not elicit another pellet 

delivery).   

Pavlovian approach conditioning 

 After 14 days without testing, but during which food restriction was maintained, 62 of the same 

subjects (n = 13 to 19 per genotype) underwent 10 days of Pavlovian magazine approach 

conditioning.  During these sessions, three of the five nose poke apertures were lit in order to 

provide ambient light during the test. In each session, 10 compound CSs (extinction of the 

house light illumination and a 5 Hz pulsing tone) were presented on a variable-time (VT) 120-s 

schedule.  During each 20-s CS presentation, pellets were delivered on a random-time 5-s 

schedule (i.e., on average, 4 pellets delivered per CS).   

Sign-tracking / goal-tracking task 
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Methods for sign-tracking / goal-tracking Pavlovian learning were modeled after Flagel et al. 

(2011).  A set of 63 experimentally-naïve animals was used (all male, n = 31 to 32 per 

genotype); in these subjects, the same schedule of food restriction was initiated prior to 

behavioral training.  Animals first underwent two days of magazine training, in which 30 food 

pellets were delivered to the magazine on a VT60-s schedule.  Fifteen daily sessions of sign-

tracking / goal-tracking training began the next day.  These sessions consisted of 15 

presentations, on a VT180-s schedule, of a CS (“lever-CS”), the termination of each of which 

was associated with the delivery of two food pellets in the magazine.  Each lever-CS involved 

the extension of the lever to the right of the food magazine. Presses on the lever-CS were 

recorded but had no programmed consequence (i.e., no effect on delivery of food).   

The day following the last conditioning session all mice underwent a single test of conditioned 

reinforcement, wherein the two most lateral nose-poke apertures were illuminated. Responses 

to the active aperture (designated left versus right in a counterbalanced fashion across 

genotypes) resulted in a 5-s extension of the lever-CS, while responses to the inactive aperture 

were recorded but were without programmed effect.  No food was delivered during this session.  

The session ended 60 min after the first active aperture response or after 90 mins had elapsed, 

whichever came first.    

Data analysis: Statistical tests were conducted using SPSS 21 (IBM Corp., Armonk, NY) and 

Stata 13 (StataCorp LP, College Station, Texas).  In all omnibus tests, DATcre (+ vs –) and NR1 

(flox/wt vs flox/flox) zygosity were entered as between subjects factors, except for the sign-

tracking / goal-tracking data, where only DATcre+ animals were studied.  Day treated as a 

quadratic continuous covariate. 

All datasets were inspected for compliance with assumptions of the general linear model.  

Where assumptions were met, data were analyzed by univariate or repeated measures ANOVA, 
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with t-tests where appropriate. For locomotor and learning experiments, we found significant 

departures from assumptions of traditional repeated measures ANOVA, including violations of 

sphericity, and heterogeneous, correlated residuals; this is not unexpected, given that subjects’ 

behavior typically correlates across successive days of learning. Given that population-level 

analysis often does not accurately characterize individual learning curves (Lashley, 1942; Estes, 

1956; Gallistel et al., 2004; Verbeke and Molenberghs, 2009)  a subject-specific data analysis 

method (i.e., one uses random effects to model individual variation in learning curves not 

captured by measured covariates) is an appropriate strategy for addressing these assumption 

violations.  To better model the data and meet assumptions, we therefore utilized generalized 

linear mixed model.  

Models were fitted via maximum likelihood by mean-variance adaptive Gauss-Hermite 

quadrature.  Non-nested models were chosen on the basis of Akaike Information Criterion and 

Bayesian Information Criterion.  Random subject-specific intercepts and linear slopes across 

days (entered as a factor variable), and their covariance were included on the basis of 

significant likelihood ratio testing of nested models.    Distribution and link functions were 

chosen on the basis of properties of the variable being studied and the properties of model 

residuals.  Continuous data were analyzed in Gaussian identity-link models (i.e., linear mixed 

models); heavily skewed continuous data were modeled as log-Gaussian or as gamma 

distributed log-linked; log-link negative binomial models were applied to overdispersed count 

data; and binomial logit mods were applied to probability data. 

Statistics presented are tests of fixed effects. Wald χ2 tests of main effects and interactions were 

followed by contrasts of simple effects and, where appropriate, Bonferroni-adjusted tests of 

means.  Locomotor behavior (x-axis beam breaks and z-axis beam breaks) were analyzed 

across five-minute time bins entered as linear covariate. Free reward consumption (mL/kg 

consumed) was analyzed with day of measurement as a repeated measure; water consumption 
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data were not analyzed, as levels were negligible, falling within the range of measurement error. 

Monoamines were analyzed as utilization rates, calculated as the ratio of metabolite to 

monoamine content (ng/mg tissue); secondary analyses of monoamines and metabolites 

separately were consistent with turnover measures and are not presented here.   

For instrumental learning, reinforcers earned across days were analyzed, as were active and 

inactive lever presses across days (analyzed separately so that differing variance and 

covariance parameters could be appropriately modeled).  Number of active lever presses and 

inactive lever presses across two days of extinction learning were also analyzed 

The primary measures of discriminated Pavlovian approach behavior was the ‘conditioning 

ratio:’ a daily average of the number of head entries during CS presentations divided by that 

number plus the number of entries during a time period of equivalent duration immediately 

preceding the CS (the latter termed the pre-CS period).  We also analyzed latency to enter the 

food magazine after CS onset; latencies less than 5 sec (because rewards were delivered on a 

random time 5-s schedule during the CS) and conditioning ratios greater than 0.5 are 

considered evidence of conditioning.  Secondarily, we also analyzed separately the number of 

head entries made during CS periods and number of head entries made during the pre-CS 

period.  

For sign-tracking / goal-tracking data, we analyzed genotype effects on behavioral data across 

successive sessions mirroring the analysis in Flagel et al. (2011):  a) the probability of making a 

lever press during a lever-CS presentation, b) numbers of lever presses, and c) latency to press 

the lever were the primary measures of sign-tracking behavior, while a) probability of making a 

head entry into the magazine during the lever-CS presentations, b) number of head entries 

during lever-CS presentations , and c)  latency to enter the magazine after lever lever-CS 

presentation were primary measures of goal-tracking behavior.  For comparison with the 
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Pavlovian magazine approach conditioning data, we also calculated conditioning ratio (also a 

measure of goal-tracking behavior).   Data from six subjects on day 8 was lost due to technical 

failure, and treated as missing at random in mixed model analysis. 

We also calculated proposed ‘response bias’ measures described by  Meyer et al. (2012), 

wherein phenotypic tendency towards sign-tracking versus goal-tracking is quantified by a) 

discrimination index of contact behaviors ( [number of lever-CS presses – number of food 

magazine entries] / [number of lever-CS presses + number of food magazine entries]), b) the 

difference between probabilities contact behaviors ,and c) difference in averaged latencies to 

contact behavior after lever-CS onset divided by its duration.   These three measures were also 

averaged to form a unitary approach phenotype ‘summary score’ ranging from +1 to -1 (fully 

sign-tracking to fully goal-tracking); scores were averaged across the last two sessions to form a 

final index measure for each subject.  In order to test whether any genotype effects were 

obscured by analysis of all subjects’ behavior simultaneously, we also used the summary score 

to assign mice as sign-trackers or goal trackers, on the basis of whether their score was positive 

or negative, respectively.   We then analyzed behavior in analyses in which sign-tracking 

animals were segregated from goal-tracking animals. 

Measures extracted and analyzed during responding for conditioned reinforcement included 

number of lever-CSs earned, and active and inactive aperture nose pokes. 

Results 

Cre-mediated recombination is detected in dopamine neuron nuclei in the DATcre+ mouse, and 

dopamine utilization is unchanged after genetic loss of NMDA receptors in dopamine neurons  

In Figure 1A, cre-mediated gene recombination can be seen prominently in the substantia nigra 

pars compacta and the ventral tegmental area of the DATcre+ mouse, consistent with its initial 
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characterization (Backman et al., 2006).  No recombination was observed in DATcre– 

littermates (not shown). Quantification of monoamine utilization by HPLC indicated that neither 

the DATcre construct nor the floxed NR1 gene affected basal dopamine utilization within the 

striatum (Figure 1B; all F’s < 1.51, p’s > 0.228).  No effects on serotonin utilization or 

norepinephrine were detected (data not shown). 

A mouse model of reduced phasic dopamine release does not exhibit altered preference for 

palatable rewards or locomotor response to a novel environment 

DATcre–;NR1flox/flox, DATcre–;NR1flox/flox, DATcre+;NR1flox/wt
, and DATcre+;NR1flox/flox mice were 

initially characterized for total ambulatory activity in a novel environment.  All mice exhibited 

reduced locomotor behavior over time, as depicted in Figure 2A (time bin: p < 0.001); however, 

no main effects or interactions involving DATcre genotype or NR1 genotype were detected (all  

p’s > 0.374), indicating that general locomotor behavior was unaffected by genetic manipulation 

of NR1 in dopamine cells.  These findings are in agreement with others using similar mouse 

models (Engblom et al., 2008; Zweifel et al., 2008). 

The following day, mice were tested for differences in volume of free reward consumption.  Data 

depicted in Figure 2B are consumption levels averaged over the final 2 sessions.  All mice 

increased consumption of the sweetened condensed milk solution across successive days of 

access (day: F1,320 = 12.38, p < 0.001 ), but no effects of genotype were detected (all F’s < 0.64, 

p’s > 0.423).   

Genetic attenuation of phasic dopamine release impairs instrumental behavior  

A set of DATcre;NR1 experimentally naïve animals were food restricted, familiarized with the 

food reinforcer, and after two sessions of magazine training, began 10 consecutive days of 

instrumental learning.  Reinforcers earned each day are depicted in Figure 3A.   Here, mixed 
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model revealed significant DATcre x day (�(�)
�  = 8.72, p = 0.003), NR1 x day (�(�)

�  = 9.31, p = 

0.002), and DATcre x NR1 x day interactions (�(�)
� 	= 16.02, p < 0.001).  The NR1 x day 

interaction was significant within DATcre+ animals only (within DATcre+, �(�)
�  = 22.07, p < 0.001 

; within DATcre–, �(�)
�  = 0.51 , p = 0.46), and successive contrasts revealed that while initial 

behavior did not differ, DATcre+;NR1flox/flox mice earned fewer reinforcers than  

DATcre+;NR1flox/wt mice on days 3 - 6 (�(�)
�  = 9.01, p = 0.027, �(�)

�  = 13.69, p  = 0.002, �(�)
�  = 

16.89, p  < 0.001, �(�)
�  =  9.49, p = 0.021, respectively).  Similar findings were obtained when the 

omnibus interaction was explored via simple effects within NR1 genotypes (within NR1flox/flox, 

�(�)
�  = 22.17, p < 0.001; within NR1flox/wt, �(�)

�  = 0.61, p = 0.434).  DATcre+;NR1flox/flox earned 

fewer reinforcers than DATcre—;NR1flox/wt mice on day 5 (�(�)
�  =  10.14, p = 0.014), with a similar 

trend on day 6 (�(�)
�  =  7.41,  p = 0.065).  Moreover, no differences between DATcre–;NR1flox/flox, 

DATcre–;NR1flox/flox, and DATcre+;NR1flox/wt
, mice were detected (all p’s > 0.330) 

To provide evidence that this difference in instrumental responding reflected differences in 

associative behavior, similar analyses were performed on number of active lever (Figure 3B) 

and inactive lever (inset) presses.  A DATcre x NR1 x day interaction for active lever presses 

(�(�)
� 	= 8.02, p = 0.005) was decomposed (within DATcre+, �(�)

�  = 25.50, p < 0.001 ; within 

DATcre–, �(�)
�  = 0.57, p = 0.448)  to reveal that fewer active lever presses were made by 

DATcre+;NR1flox/flox mice relative to DATcre+;NR1flox/wt mice, again on days 3 - 6  (�(�)
�  = 9.36, p 

= 0.022, �(�)
�  = 14.88, p  = 0.001, �(�)

�  = 18.45, p  < 0.001, �(�)
�  =  9.72, p = 0.018, respectively). 

Fewer active lever presses were also made by DATcre+;NR1flox/flox mice relative to 

DATcre+;NR1flox/wt  on day 5 (�(�)
�  =  11.55, p = 0.007) and near-significant differences were 

found for day 6 (�(�)
�  =  7.72, p = 0.054).   Analysis of inactive lever presses revealed no effects 
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of or interactions with genotypes (o main effects of genotype nor any interactions er genotype 

(all p’s > 0.102) 

Genetic attenuation of phasic dopamine release does not impact acquisition of a Pavlovian 

magazine approach behavior 

Prediction error signals in the mesencephalon have been most extensively characterized within 

the context of appetitive Pavlovian conditioning (Ljungberg et al., 1992; Schultz et al., 1997); 

these studies, however, are by and large correlational in nature. With this in mind, we examined 

whether genetic reduction of phasic dopamine activity impacted the ability of conditional stimuli 

to elicit Pavlovian magazine approach. 

After a 14-d period, during which no testing occurred but food restriction was maintained, 64 of 

the same subjects underwent 10, daily Pavlovian magazine approach conditioning sessions.  

Across these conditioning sessions, as shown in Figure 4A, number of head entries during the 

CS period progressively increased (day:  p < 0.001), while head entries during an equivalent 

period of time prior to CS onset – termed the pre-CS period (day: p < 0.001) diminished.  

‘Conditioning ratio,’ a quantitative measure of discriminative Pavlovian responding (CS period / 

CS+Pre-CS period magazine head entry counts), depicted in Figure 4B, increased 

progressively as training continued (day: p < 0.001).  No interactions involving DATcre or NR1 

genotypes for entries during the CS, entries during the pre-CS, or for conditioning ratio were 

significant (all p’s > 0.374). Similarly, rate of decreases in latencies to enter the food magazine 

after the CS onset was unaffected by genotypes t (Figure 4C; all p’s > 0.162). 

Individual variation in tendency to attribute incentive salience to reward-predictive cues is 

unaffected by genetic attenuation of phasic dopamine release 
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A new cohort of DATcre;NR1 mice were food restricted, given two sessions of magazine 

training, and 15 sessions of pairings between a lever-CS and food delivery.  Here, all subjects 

were DATcre+.  Because we consistently failed to find phenotypic effects in DATcre+;NR1flox/wt 

animals, we treated them as controls in this experiment, and compared their behavior to that of 

DATcre+;NR1flox/flox animals.   

Acquisition of sign-tracking and goal-tracking conditional responses are depicted in Figure 5, 

using the dependent measures of Flagel et al. (2011).   Note that the range of sign-tracking and 

goal-tracking response graphs differ; though we reliably detected vigorous sign-tracking to the 

lever-CS, this conditional response occurred in fewer mice than did the goal-tracking conditional 

responses.   Additionally, because we present quantitative goal-tracking and sign-tracking 

measures from the same subjects in Figure 5, rather than segregating subjects as expressing 

one response or the other, goal-tracking learning curves appear as less steep, because this 

response tended to be learned first, as can occur in rats  (Meyer et al., 2012). This goal-tracking 

is then diminished as it undergoes response competition in animals that transition to sign-

tracking.  Notably, however, magazine entry (i.e., goal-tracking) conditioning ratio 

(Supplemental Figure 1) develops and stabilizes in a manner similar to the Pavlovian approach 

learning presented in Figure 4. 

No genotype effects on magazine approach/goal-tracking behavior, as measured by probability 

of entering the magazine (at once per lever-CS), number of magazine entries during the lever-

CS and a preceding pre-CS period, and magazine entry latency, were found (Figure 5A-C, left 

side; all NR1, DATcre effects and interactions p’s > 0.103).   Moreover, no genotype differences 

on the development of corresponding lever-CS approach/sign-tracking behaviors were 

observed: animals with lacking NMDA-dependent phasic dopamine release were as likely as 

controls to learn to press the lever-CS as conditioning sessions progressed, and made similar 

number of presses at similar latencies (Figure 5A-C, all p’s > 0.239). 
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Because sign-tracking responses tend to come at the expense of goal tracking responses, and 

vice versa, we calculated relative response bias scores (Meyer et al., 2012) to better understand 

the distribution of conditional responses expressed.  In Figure 6, scores above zero are 

indicative of a tendency to sign-track rather than goal-track, and negative values correspond to 

goal-tracking bias.  Biases in the probability of making a sign-tracking versus a goal-tracking 

response was relatively similarly distributed in both genotype groups; similar results can be 

seen for number of responses and response latency in Supplemental Figures 2 - 3.    

As in Meyer et al. (2012), we calculated the average of these three bias measures (see 

Supplemental Figure 4).  Summary scores averaged across the last two sessions are depicted 

in Figure 7A (left side).   No significant differences between genotypes were found (t61 = 0.772, 

p = 0.443).  We designated mice sign-trackers if their final summary scores were positive, and 

goal-trackers if negative (Figure 7A, right side).  Frequency of expression of each phenotype did 

not differ between genotypes (Fisher’s exact test, p = 1.00).  The acquisition of each conditional 

response in mice designated sign-trackers and mice designated goal-trackers is shown in 

Figures 7B and 7C.  We analyzed, in an attempt to detect differences in the rate of learning of 

their respective conditional response, the acquisition of lever approach in sign-trackers 

selectively and the magazine approach in goal-trackers selectively; however, again, no 

genotype interactions across conditioning sessions were detected (Figure 7B; all p’s > 0.404; 

see Supplemental Figure 5 for similar figures for response latency and number of response).   

Finally, we studied the ability of the lever-CS to support new learning in a single conditioned 

reinforcement test, which has previously been shown to be elevated in animals who 

predominantly exhibited a sign-tracking response (Robinson and Flagel, 2009; Flagel et al., 

2011; Lomanowska et al., 2011).   Mice were allowed to make nose poke responses to elicit 

brief presentations of the lever-CS during a single session that followed the last day of 

conditioning.  The number of lever-CS presentations earned, along with number of active nose 



41 
 

poke aperture responses and inactive nose poke aperture responses made, shown in Figure 8, 

were similar across genotypes (lever-CSs: t61 = 0.526, p = 0.601; active aperture: t61 = 0.559, p 

= 0.551; inactive aperture: t61 = 0.553, p = 0.581). 

Discussion 

In a series of experiments aimed at characterizing the effects of genetic excision of the NMDA 

receptor from dopamine neurons, as a model of attenuated dopamine neuron phasic firing, we 

demonstrated a distinct configuration of effects on associative learning.  Lower phasic dopamine 

release impaired instrumental learning but was without effect on Pavlovian magazine approach 

learning, or on the acquisition or probability of goal-tracking and sign-tracking.  These results 

are presented against the backdrop of normal exploratory locomotion behavior and reward 

consumption, eliminating these ancillary phenotypes as likely explanations for the observed 

learning effects.  Moreover, the observation of unaffected basal dopamine utilization in the 

striatum indicates the absence of any gross differences in the dopamine system that would 

complicate interpretation of results. 

Phasic dopamine contributes to acquisition of an appetitive instrumental response  

Here, loss of NMDA receptors in dopamine neurons caused impaired instrumental responding, 

in general agreement with results gathered earlier using a similar mouse model (Zweifel et al., 

2009).   The particular pattern of results, with impairments in spontaneously acquired 

instrumental behavior not observed until the middle of the learning curve, is most consistent with 

an impaired learning process, rather than any baseline differences in lever press responses 

themselves.  Additionally, groups converged by the end of training. The absence of asymptotic 

differences in instrumental behavior, which might reflect motivation to obtain the reinforcer, may 

indicate that the phenotype in DATcre+;NR1flox/flox animals relates to altered learning.  
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This result would appear to implicate a causal role for phasic dopamine in instrumental learning.  

These findings are consistent with a number of optogenetic studies wherein response-

contingent optical activation of dopamine neurons either facilitated an appetitive instrumental or 

was sufficient to support responding alone (Adamantidis et al., 2011a; Witten et al., 2011a; Kim 

et al., 2012).   Most recently, a particularly compelling strategy was used to support the notion 

that dopamine activity functions as a prediction error signal: after asymptotic acquisition of the 

relationship between CS that was predictive periods of response-contingent reward availability 

(i.e., a discriminative stimulus), transient co-activation of dopamine neurons upon compound CS 

presentation dramatically reduced the normally observed blocking effect (Steinberg et al., 2013).  

Moreover, the behavioral impact of unexpected negative shifts in outcome value was also 

diminished by activation of dopamine neurons.   These findings are particularly consistent with 

phasic dopamine acting as prediction error signal that plays a causal role in reward-related 

learning. 

The optogenetic results are convincing.  One caveat, however, is that it remains  unclear how 

the creation of action potentials via optogenetic stimulation influences dopamine cells, aside 

from the intended attempt to replicate phasic burst patterns.  For example, whether optogenetic 

induction of phasic events causes artifacts such as differential cell activity during peri-phasic 

event periods, or whether the simulated phasic firing truly reproduces normal stimulus-elicited 

phasic events and causes post-synaptic effects that replicate those of stimulus-evoked events, 

remains unclear.  Here, we were able to demonstrate that instrumental learning is affected by 

attenuation of natural phasic dopamine release, signals that were endogenously generated in 

response to environmental stimuli. Consequently, while we were not able to directly control the 

action potentials of dopamine cells, these data may more accurately reflect role for phasic 

dopamine in reward-seeking.   

Pavlovian magazine approach behavior is unaffected by attenuated phasic dopamine capacity 
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Given that prediction error signals in the mesencephalon have been observed during Pavlovian 

conditioning, across a wide variety of task conditions and parameters most extensively 

characterized within the context of appetitive Pavlovian conditioning (Ljungberg et al., 1992; 

Schultz et al., 1993; Schultz et al., 1997; Waelti et al., 2001; Fiorillo et al., 2003), we expected 

reductions in NMDA receptors in DA neurons would impair this behavior.  However, we detected 

no effects, nor have several others using a similar mouse genetics approaches (Parker et al., 

2010; Parker et al., 2011a).  

One potential explanation is that during instrumental performance, attenuated incentive salience 

attribution to instrumental outcomes associated with diminished capacity for phasic dopamine 

release resulted in diminished levels of reward-seeking; on the other hand, the Pavlovian 

approach paradigm used may have emphasized contingency learning rather than incentive 

salience attribution.  Alternatively, it may be that the failure to detect effects on Pavlovian 

approach behavior is a consequence of the residual phasic dopamine release. 

NMDA receptor loss in dopamine neurons results in attenuation of the magnitude of phasic 

dopamine release to approximately 30% that of controls (Zweifel et al., 2009; Parker et al., 

2010).  It is probable that  this remaining signal may be sufficient to support Pavlovian appetitive 

learning, given that reward preference and reward learning is possible even after massive 

dopamine depletions (Cannon and Palmiter, 2003; Robinson et al., 2005).  What is left may be 

entirely sufficient signal to noise for acquisition and representation of Pavlovian delay 

conditioning, especially when associative contingencies are binary and deterministic (i.e., 

P(US|CS)=1, P(US|~CS)=0).  The magnitude of midbrain neuron burst responses encodes the 

relative value of predictive stimuli (Fiorillo et al., 2003); perhaps a behavioral impairment would 

be revealed  in a scenario where 30% of the normal to signal to noise signaling in dopamine 

neurons is not sufficient (e.g., discriminating between two stimuli with marginal differences in 

predictive value).  Curiously, though, impairments in fear conditioning (measured with 
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conditional fear potentiated startle) have been reported in mice lacking NMDA-dependent pasic 

dopamine release (Zweifel et al., 2009; Zweifel et al., 2011), suggesting valence and/or the 

degree to which the US supports rapid conditioning may also be significant factors.  

Interestingly, other phenotypes that were historically thought to require NMDA receptors in 

dopamine neurons, such as sensitization to psychostimulants (Kalivas and Alesdatter, 1993; 

Wolf et al., 1994; Wolf, 1998; Vanderschuren and Kalivas, 2000), have also turned out to be 

unaffected in their absence (Zweifel et al., 2008; Beutler et al., 2011; Luo et al., 2011).  Given 

that the degree of NMDA receptor dependent plasticity – expressed as an increase AMPA 

receptor expression or current – that is induced by drugs of abuse correlates with degree of 

behavioral sensitization observed (Ungless et al., 2001; Borgland et al., 2004) and is expressed 

selectively during periods of active learning of in Pavlovian conditioning (Stuber et al., 2008), 

these results are especially surprising.  Several studies have implicated NMDA receptors in 

other cell-types or brain regions as responsible for these phenomena (Beutler et al., 2011; Luo 

et al., 2011; Parker et al., 2011a); further discussion of this can be found in the conclusion 

chapter of this thesis. 

Genetic model of attenuation of phasic dopamine release does not impact frequency or 

acquisition of a sign-tracker conditional response 

The incomplete loss of phasic dopamine release in this genetic model offers a unique 

opportunity to distinguish between the prediction-error and the incentive salience perspectives 

of dopamine in learning.   In many cases, learned behavioral phenomena can be equally 

explained by the acquisition of the contingencies between stimuli using phasic dopamine 

prediction error signals, or the combination of non-dopaminergic contingency learning with 

attribution of incentive properties to associative stimuli via phasic dopamine release, rendering 

them non-dissociable.   
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Sign-tracking rats – those that approach and interact with a predictive cue (often the extension 

of a lever-CS) , often at the expense of approaching the location of reward delivery (Williams 

and Williams, 1969)– are thought of as exhibiting a form of incentive salience attribution that is 

over and above the Pavlovian contingency learning exhibited by goal-tracking rats – those that 

approach the location of food delivery  the location of food delivery.  Because sign-tracking is 

thought to rely upon a form of Pavlovian incentive salience attribution, it is unsurprising that 

sign-tracking animals display more prominent CS-evoked dopamine as they learn their 

conditional response than do goal-trackers (Flagel et al., 2011).  Therefore, both goal-trackers 

and sign-trackers learn the contingency between the CS and the US, but it has been suggested 

that sign-trackers’ phasic dopamine signals also imbue the CS with incentive motivational 

properties, effectively utilizing dopamine as an ‘incentive salience attribution prediction error 

signal.  If this is a causal relationship, we hypothesized that the quantitative reduction in phasic 

dopamine release amplitude should reduce the frequency of sign-tracking behavior or the rate 

of its acquisition.  Here, we found no evidence to support this conclusion: in all dependent 

measures, no behavioral differences were observed in our mouse model of diminished phasic 

dopamine activity.   

Locomotor sensitization to psychostimulants is a phenomenon considered to be linked, with 

respect to dopaminergic substrates and behavioral co-presentation, to heightened  or  

sensitized incentive salience attribution  (Robinson and Berridge, 1993; Wyvell and Berridge, 

2001; Tindell et al., 2005; Olausson et al., 2006), and locomotor sensitization to amphetamine 

has been shown to enhance sign-tracking behavior (Doremus-Fitzwater and Spear, 2011).  The 

preponderance of studies mentioned above indicating that locomotor sensitization is readily 

inducible in the absence of NMDA receptors in dopamine neurons (Engblom et al., 2008; 

Zweifel et al., 2008; Beutler et al., 2011; Luo et al., 2011) are consistent with our finding that 

attenuation of phasic dopamine activity via elimination of NMDA receptors on dopamine 
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neurons did not affect incentive salience attribution during Pavlovian conditional approach. 

While other neurobiological, genetic, and environmental factors likely distinguish animals that 

develop a goal-tracking conditional response from those that develop a sign-tracking conditional 

response (Flagel et al., 2007; Flagel et al., 2010; Lomanowska et al., 2011; Fitzpatrick et al., 

2013; Perez-Sepulveda et al., 2013; Haight and Flagel, 2014),  our data indicate that 

quantitative variation in phasic dopamine release, at least within the range we can manipulate it 

with this model system, does not.    

A recent voltammetry study of sign-tracking behavior offered some new insight into sign-tracking 

behavior.  Over the course of long term sign-tracking training,  US-evoked dopamine 

diminished, and as training further continued,  eventually the CS-evoked response diminished 

as well (Clark et al., 2013). A similar result was found in early midbrain prediction error signal 

studies (Ljungberg et al., 1992).   This phenomenon is by no means inconsistent with incentive 

sensitization, which focuses on how exaggerated increased control over behavior by reward-

predictive cues is acquired  rather than maintained (Robinson and Berridge, 1993).  Indeed, 

dependence of behaviors upon dopamine diminishes as actions are over-trained and transition 

to habits (Choi et al., 2005).  However, Clark et al. (2013) were able to demonstrate that the 

diminished CS-evoked dopamine was a consequence of animals learning the timing of inter-trial 

intervals; when a CS was presented after an unusual inter-trial interval duration, CS-evoked 

dopamine returned to baseline.  This is consistent with prediction error accounts: the 

unexpected stimulus presentation can be seen as a positive prediction error.  It is more difficult 

to reconcile with incentive salience attribution, however.  Once a cue has acquired incentive 

motivational properties – coincident with the development of CS-evoked phasic dopamine 

release – why presenting it at a slightly different time would impart further incentive salience is 

unclear.  Thus, phasic dopamine signaling resembling prediction error is indeed observable 

within the context of sign-tracking behavior, consistent with our failure to find group differences 
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in our genetic model of diminished phasic release.    

Indeed, it is possible that the difference between sign-tracking and goal-tracking is less related 

to incentive salience attribution as it may be related to Pavlovian versus Pavlovian and 

instrumental conditioning: while components of conditional responses that resemble sign-

tracking are not reduced by omission schedules of reinforcement (a test of responsivity to 

instrumental contingencies), goal-tracking responses are suppressed (Holland, 1977; Holland, 

1979).  Thus, the former may be a more ‘pure’ Pavlovian behavior and the latter a Pavlovian 

cue trigged instrumental response directed towards reward collection, rather than an incentive 

salience-driven behavior versus one that is not. 

Sign-tracking in mice  

Sign-tracking behavior comparable to that observed towards a lever-CS in rats has been difficult 

to reproduce in C57Bl/6J mice: mice either show no lever-CS  directed behavior (Zweifel et al., 

2009; Parker et al., 2011a), or only demonstrate conditional locomotion in the vicinity of the 

lever-CS (Gore and Zweifel, 2013). Sign tracking in the form of actual lever presses, however, 

have not been reported previously.   

Of interest was the considerable individual variation in whether a sign-tracking or goal-tracking 

CR emerged.   Mice generally began with goal tracking (presumably due to previous magazine 

training), but 20-25% then developed overt sign-tracking conditional responses without any 

accompanying goal-tracking (see bias distribution figures); others continued goal-tracking, and 

others performed both behaviors.   Given that these mice, aside from the genetic manipulations 

that were without effect, are genetically homogenous, this variation in response type suggests 

considerable influence of (unmeasured) environmental or other non-heritable genetic factors, as 

has been observed in rats (Lomanowska et al., 2011) .  However, it is possible that the 

C57Bl/6J strain has a relatively low tendency to sign-track, and the phenotype is under strong 
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heritable control.   Sign-tracking in different strains of inbred mice has not been systematically 

explored, and the genetic underpinnings of individual variation in this behavior remain an open 

question. 

Here, the sign-tracking conditional response appeared to be less common than in published 

data on rat behavior, and its onset is likely delayed relative to rats as well.  However, video 

monitoring of testing chambers revealed that the sign-tracking phenotype is very much present 

in mice (data not shown): those that engaged in this behavior did it consistently and vigorously, 

engaging in the same consummatory-like rapid biting, gnawing, and invigorated approach to the 

lever-CS reported in rats (Zener, 1937; Jenkins and Moore, 1973; Boakes, 1977; Tomie, 1996; 

Flagel et al., 2010).  Behavior was many times observed to be intensely focused towards the 

lever-CS, either expressed as stereotypic sniffing and various other interaction that did not 

necessarily result in a lever  actuation; consequently, it’s likely that mice sign-track more often 

than we report here.     

Design of cre-loxP experiments 

Many previous studies of genetic deletion of NR1 from dopamine neurons have used only cre+ 

and cre- animals, or only heterozygote and homozygote floxed animals (Zweifel et al., 2008; 

Zweifel et al., 2009; Parker et al., 2010; Parker et al., 2011a).  Here, we used a 2x2 genotype 

design:  animals carried either one or two floxed alleles, and were cre-positive or cre-negative.  

This design allows enables us to make stronger conclusions. In particular, the statistical tests for 

interactions between DATcre genotype and NR1 genotype lend credibility to the conclusion that 

the effect observed is due to cre-mediated gene excision, rather than various confounding 

factors that can affect transgenic mouse research (e.g., background effects and flanking genes 

from a non-isogenic donor strain traveling with the modified gene to a significant degree even 

after extensive backcrossing).  Examples of these effects are numerous (Wade, 1987; Le Roy et 
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al., 2000; Spyropoulos et al., 2003; Chen et al., 2004; Pekarik and Izpisua Belmonte, 2008).  

These factors are especially significant for studies utilizing the NR1flox/flox mouse, which was 

generated using 129S4/SvJae strain embryonic stem cells (Tsien et al., 1996b; Tsien et al., 

1996a), followed by a moderate level of backcrossing to a C57Bl/6N background.  

Limitations 

The conditional inactivation of NR1 blocks NMDA currents, which reduces phasic firing, but also 

eliminates NMDA receptor-mediated LTP (Engblom et al., 2008; Zweifel et al., 2008; Luo et al., 

2011), which is well known to associate with learning (Morris et al., 1986; McHugh et al., 1996).   

This does present some difficulties with respect to interpreting our results strictly from the 

perspective of phasic dopamine release.  Thus, although we cannot rule out a role for phasic 

dopamine release in Pavlovian approach conditioning, we can conclude that it does not rely 

upon NMDA-related plasticity in dopamine neurons, irrespective of whether it takes the form of 

goal-tracking or sign-tracking.  However, we argue that the effects observed here are unlikely to 

be related to loss of LTP given that a) loss of NMDA  receptor LTP does not affect locomotor 

sensitization, which has been linked  to incentive sensitization, b) were it to be a critical neural 

mechanism, loss of LTP in dopamine neurons would likely be expected to diminish sign-

tracking, and c) in addition to Pavlovian learning, instrumental learning is also impaired by 

infusion of an NMDA antagonist into the VTA (Stuber et al., 2008; Zellner et al., 2008).  Yet 

when NMDA receptors were removed from dopamine neurons entirely, Pavlovian behaviors 

were unimpaired, while instrumental responding was affected, suggesting differences in phasic 

dopamine release, rather than plasticity, were responsible for the observed effects. 

Conclusions 

Because aberrant reward-related behaviors found in a range of psychiatric conditions, including 

addiction, autism, attention deficit hyperactive disorder, and depression (Robinson and 
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Berridge, 1993; Taylor and Jentsch, 2001; Neuringer, 2002; Everitt and Robbins, 2005; 

Olausson et al., 2006; Martin-Soelch et al., 2007; Flagel et al., 2009; Groman et al., 2009; 

Shiflett and Balleine, 2011; Groman et al., 2012), understanding the intricacies of phasic 

dopamine release in these reward learning is of particular clinical significance.  

Here, we utilized a mouse model of compromised NMDA-dependent phasic dopamine release to 

study reward-related associative learning.  The quantitative reduction endogenously generated 

phasic dopamine signals in the mouse model represents a unique biologically plausible model of 

alterations in phasic dopamine neurotransmission.  In addition to lending external validity to the data 

gathered here, this characteristic makes this mouse model well positioned to answer many other 

questions about dopamine in reward-related behaviors.  Most recently, for example, reductions in 

phasic dopamine release have been implicated in escalation of cocaine use (Willuhn et al., 2014), 

while another implicated augmented signals in cocaine’s ability to heighten cue-evoked reward 

seeking (Ostlund et al., 2014). By virtue its incomplete depletion of signals that are not programmed 

by optical or electrical stimulation, extending the DATcre;NR1 mouse to these paradigms in the 

future may allow parsing the causal contribution of phasic dopamine to the significant aspects of 

addiction they model. 

The series of experiments presented here suggest that reduction in phasic dopamine release impairs 

instrumental, but not Pavlovian learning or the expression of conditional responses, regardless of whether 

are expressed as goal-tracking or sign-tracking.   Our results are not necessarily uniformly consistent with 

a prediction error account of dopamine, nor are they fully consistent with incentive salience perspectives.  

Rather, we argue they are more congruent with multifaceted conceptualizations of dopamine, such as 

those that posit dopamine acts as a behavioral invigorator, with phasic dopamine release directing 

attention towards seeking biologically significant stimuli, resulting in behavioral and cognitive focus on the 

relationships between stimuli and the responses that produce these stimuli, which are learned, in some 

cases, by prediction error signals.   
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Figure 1: Cre-mediated recombination is detected in dopamine neuron nuclei in the DATcre+ 

mouse, and dopamine utilization is unchanged after genetic loss of NMDA receptors in 

dopamine neurons.  (A) Prominent recombination is seen in the midbrain of DATcre+ mice 

crossed with ROSA26-LacZ mice; arrows indicate ventral tegmental and substantia nigra pars 

compacta nuclei.   (B) Nucleus accumbens dopamine turnover are indistinguishable amongst 

the 4 combinations of DATcre and NR1 genotypes.  
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Figure 2:  A mouse model of reduced phasic dopamine release does not exhibit 

altered locomotor response to a novel environment or preference for palatable 

rewards.  (A) No genotype effects were found over successive 5-min bins, and (B) 

levels of consumption of a 10% sweetened condensed milk solution were similar 

across all genotypes. 
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Figure 3:  Loss of NMDA receptors in dopamine neurons impairs instrumental learning. 

(A) DATcre+;NR1flox/flox  earn less reinforcers over 10 days of instrumental learning, and 

(B) make less active lever presses, but (C) press the inactive lever at levels similar to the 

three other genotypes.    * p < 0.05, ** p < 0.01, *** p < 0.001  DATcre+;NR1flox/flox  vs  

DATcre+;NR1flox/wt ;  # p < 0.05 vs.  DATcre—;NR1flox/flox  mice. 
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Figure 4:  Loss of NMDA receptors in dopamine neurons leaves Pavlovian magazine 

approach conditioning intact, as measured by A) number of entries into the food 

magazine during the CS and a pre-CS period of equivalent length, B) the conditioning 

ratio of CS period to CS + pre-CS period head entries, and C) latency to enter the food 

magazine upon the onset of the CS.   Dashed line indicates the cross-over point between 

potentially US-elicited behavior ( > 5-sec) and CS-elicited magazine approach ( < 5-sec).  
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Figure 5:  Genetic deletion of NMDA receptors in dopamine neurons is without effect on 

incentive salience attribution. Mice fully with two floxed NR1 alleles engage in goal 

tracking and sign-tracking behaviors at levels similar to heterozygote controls, as 

measured by (A) probability of a single magazine entry (left) or lever press (right) during 

lever-CS presentation; (B) Number of magazine head entries (left) and lever presses 

(right) during lever-CS presentation and (C) latency to enter the magazine (left) or 

contact the lever-CS (right) upon its extension. 
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Figure 6:  A closer look at the distribution of sign-tracking and goal-tracking behavior of 

DATcre+;NR1flox/wt  and DATcre+;NR1flox/flox mice.  Histograms depict sign-tracking 

versus goal-tracking biases with respect to response probability.  Positive values indicate 

a tendency to sign-track, and negative values a tendency to goal-track.   Goal-tracking is 

dominant early in training, but emerges progressively across successive days.   The 

distributions of both genotypes are highly overlapping at all stages of training. 
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Figure 7: Analyses within groups according to conditional response designation.  (A) 

Box-and-whisker plots for conditional response bias summary scores (left) averaged 

across the last two days of training.  Positive and negative values were used to 

designate mice as sign-trackers and goal-trackers (right), respectively. (B) Sign-tracking 

behavior, expressed as response probability plotted according to designation.  (C) Goal-

tracking behavior, with mice designated goal-trackers plotted according to designation.  

Behavior did not differ as a function of genotype in either case. 
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Figure 8: Test of conditioned reinforcement.  Behavior from a single session in which 

mice were allowed to earn brief presentations of the lever-CS by performaning a novel 

instrumental response.  No genotype effects were found.  
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Supplemental Figure 1:  Magazine head entry conditioning ratio in the sign-tracking / 

goal-tracking experiment.  Animals showed robust acquisition of goal-tracking, similar to 

that observed in the Pavlovian magazine approach experiment.  No genotype effects 

were detected. 
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Supplemental Figure 2: Distributions of latency bias scores across 15 days of sign-

tracking/goal-tracking training, expressing differences in average latency to actuate the lever-CS 

and average latency to enter the foo d magazine.   Positive values indicate a sign-tracking bias 

and negative values indicate a goal-tracking bias. 
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Supplemental Figure 3: Distribution of response bias scores across 15 days of sign-

tracking/goal-tracking training, expressing quantitative differences in number of interactions with 

the lever-CS versus number of head entries into the food magazine.  Positive values indicate a 

sign-tracking bias and negative values indicate a goal-tracking bias. 
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Supplemental Figure 4: Distribution of summary scores across 15 days of sign-tracking / goal-

tracking training; scores calculated as average of probability (Figure 6), latency, and response 

biases (Supplemental Figures  2 – 3), with positive values indicating a tendency to engage in 

sign-tracking and negative values a tendency to goal-track. 
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Supplemental Figure 5: Goal-tracking and sign-tracking behaviors plotted separately by 

conditional response designation.  (A) Response quantities: head entries (left) and lever-

presses (right).  (B) Response latencies: head entry latency (left) and lever press latency 

(right).   
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CHAPTER 3 

Multiple novel genomic and transcriptomics determinants of variation in appetitive 

reward-driven instrumental behavior, revealed by the genome-wide association and 

systems genetics approaches 

Abstract 

Learning to exploit the environment in the pursuit of desired outcomes is a central to a wide 

array of behaviors that humans and other animals exhibit in order to achieve internal goals. In 

its extreme forms, variation in rates of learning about rewards, and motivation to seek them, 

may underlie risk for psychiatric disorders (e.g., substance dependence).  However, little is 

known about the genetic markers that modulate these individual differences in reward-related 

behaviors. Therefore, we sought to delineate novel genomic influences on variation in learning 

to perform an instrumental response to produce an appetitive outcome, and in motivation to 

perform this reward-seeking behavior.  We performed a genome-wide association study 

(GWAS) of instrumental learning using the Hybrid Mouse Diversity Panel (HMDP) in conjunction 

with linear mixed model analysis, which together offer improvements in domains of power, 

resolution, and type I error rate relative to traditional genetics approaches. Spontaneous 

acquisition and performance of instrumental behavior was assessed in 70 inbred strains during 

three 8-hour daily sessions in which lever responses were reinforced by sucrose; schedule of 

reinforcement advanced from 1 press to an average of 5 presses to elicit reward deliver.  Eight 

quantitative genome-wide significant trait loci (QTL) for instrumental behavior were identified, 

situated on chromosomes 3, 4, 10, 11, 12, 16, and 19.   Weighted correlational techniques were 

applied to gene expression measures from the striatum of HMDP mice, a brain region critical for 

instrumental behavior.  We identified networks of highly co-expressed genes statistically 

associated with strain-level variation in instrumental reward-seeking.  Ontology analyses of 

these gene networks and their highly intra-connected ‘hub’ genes uncovered novel regulatory 

pathways related to reward-seeking behaviors. These results were combined with expression-
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QTL data to prioritize genes within the identified instrumental behavior QTLs. We also found 

that measures of learning rate and measures of motivation – processes often thought of as 

dissociable at a behavioral level – may in fact depend upon common underlying genetics and 

genomics.  These data together yielded novel neurobiological insight into molecular pathways 

related to instrumental learning, with potential utility in the generation of novel research 

hypotheses, and provided a fundamentally data-driven prioritization of QTL genes for future 

causal studies of the genomic basis of variation in reward-seeking behavior. 

Introduction 

Learning to predict the occurrence of rewarding and aversive stimuli, and to exploit the 

environment in the pursuit of desired outcomes is central to a wide array of behaviors that 

humans and other animals exhibit to achieve internal goals. Consequently, individual 

differences in rates of learning of these processes, or in the motivation to emit them in the 

pursuit of goals may have far-reaching importance for human behavior.  Individual differences in 

reward-seeking may contribute to variation in temperament: everyday behaviors involve the 

pursuit of rewards, response-outcome learning, and motivation.  However, in its extreme forms, 

variation in reward-seeking behavior a play a central role in range of psychiatric conditions, 

including addictive disorders, attention deficit hyperactivity disorder, depression, obesity, and 

autism (Robinson and Berridge, 1993; Neuringer, 2002; Everitt and Robbins, 2005; Volkow et 

al., 2012).    Indeed, altered sensitivity to rewards and motivation to obtain them – whether 

blunted (e..g, as in schizophrenia and depression)–or sensitized (e.g,, as in substance 

dependence) -- represent clinically significant  components of psychiatric disorders.  Therefore, 

understanding the biological basis of fluctuations in these behaviors is intrinsically linked to the 

understanding neurobiology of these psychiatric disorders, as well as the confluence of risk 

factors that lead to their presentation. 
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Animal model organisms have proven enormously useful in identifying the neural basis of 

reward learning, with a targeted genetic knockouts and models of single-gene human disorders 

yielding significant insights (Dudai et al., 1976; Tang et al., 1999; Bourtchouladze et al., 2003; 

Kushner et al., 2005; Brigman et al., 2008; Morice et al., 2008; Pavlowsky et al., 2010; 

Roubertoux and Carlier, 2010; Shilyansky et al., 2010; Krueger and Bear, 2011), and many 

genes required for learning have been identified in this manner.   However, few studies have 

utilized the power of mouse-based genome-wide linkage and association analysis to identify 

naturally occurring genetic variants that control individual differences in associative learning. 

The study of phenotype differences  in inbred mouse strains has yielded many QTL related to 

psychiatric disorders (Oliverio et al., 1973; Eleftheriou et al., 1974; Fuller, 1974; Crabbe et al., 

1980; Reith et al., 1981; Schoemaker et al., 1982; Crabbe et al., 1983; Goldman and Crabbe, 

1986).  However, few causal genes have been identified.  Many efforts to use inbred mice to 

perform genome scans have been hindered by either low genomic resolution, owed to low rates 

of recombination, or low power to detect small effect sizes (Bennett et al., 2010; Su et al., 2010); 

these are significant problems for identifying loci related to complex traits such as reward 

seeking, which likely have complex patterns of genetic inheritance, and regulation by many 

genes of low effect size (Crusio, 2004b; Valdar et al., 2006).  Moreover, mouse genome-scans 

are susceptible to type I errors in the same manner that human genome scans are, with unequal 

genetic relatedness of subjects leading to spurious associations (Helgason et al., 2005; Payseur 

and Place, 2007; Kang et al., 2008; Bennett et al., 2010; Su et al., 2010). 

Recent advancements in design of mouse panels and statistical techniques have made great 

strides in addressing these problems (Churchill et al., 2004; Kang et al., 2008; Churchill et al., 

2012; Svenson et al., 2012; Chesler, 2014).  The Hybrid Mouse Diversity Panel (HMDP) 

combines classical inbred strains with recombinant inbred mice to form a set of mice that affords 

significantly greater genomic resolution and statistical power to detect small effect genes than 
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traditional panels (Bennett et al., 2010).  Here, we combined this mouse panel with recently 

developed mixed model analyses that afford control over confounding by population 

stratification to perform a genome-wide association study of instrumental reward-seeking 

behavior.  We also integrated gene expression data collected from the striatum, a brain region 

implicated in the control of multiple components of reward-driven instrumental behavior 

(Graybiel, 1995; Kelley et al., 1997; Packard and Knowlton, 2002; O'Doherty et al., 2004; Yin et 

al., 2004, 2006a; Balleine et al., 2007; Groman et al., 2011) by using systems genetics tools that 

synergize with GWAS results (Kang et al., 2008; Lippert et al., 2011), in an effort to elucidate 

novel genomic and transcriptomic determinants of naturally-occurring variation in reward-

seeking behavior.      

Methods 

Subjects 

300 male mice drawn from the HMDP strain set were studied.  We collected data from 81 

strains, of which 39 were classical inbred strains, and 42 were recombinant inbred strains, n = 1 

- 11 per strain (see Table 1).  Mice were acquired either from Jackson Laboratories, from the 

breeding colony of Dr. Aldons J. Lusis at UCLA, or by transfer from University of Tennessee 

Heath Science Center (laboratory of Dr. Robert Williams).  Three BXD strains were also bred on 

site. Mice were housed in sets of 1- 3 cage-mates which were always of the same strain. Mice 

were habituated to the 12h:12h on/off light cycle vivarium for at least 2 weeks prior to initiation 

of behavioral testing, at which time they were between 55 and 160 days old. Mice were tested 

between 7:00 AM and 7:00 PM (light cycle).   Water was available ad libitum except during 4 

hour sucrose familiarization sessions (see below).  All experimental protocols were consistent 

with the US Public Health Service Guide for the Care and Use of Laboratory Animals and were 

approved by the Chancellor's Animal Research Committee at UCLA. 
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Two bottle free choice sucrose consumption procedure 

Prior to food restriction, a subset of the subject population was phenotyped for strain-level 

differences in consumption of sucrose solution to a) ascertain to what degree any inter-strain 

differences related to or could account for inter-strain variance in instrumental learning, and b) 

to establish the optimal sucrose solution concentration for instrumental learning (i.e., the 

concentration for which inter-strain differences was at a minima).  For this procedure and all 

further procedures, sucrose solution was made fresh daily.  Subjects were habituated to 1 hr 

sessions of individual housing in a laboratory space room, during which time they had free 

access to two bottles: one contained water and the other contained sucrose (initially, 20% w/v).  

The positions of the sucrose-containing and water-containing bottles relative to each other in 

each cage (left versus right side) were alternated each day, and standard rodent chow was 

always available.  On three subsequent days, intake of 0.2%, 2%, or 20% (w/v) sucrose (and 

water) was measured by weighing each bottle before and after the consumption session. The 

order that concentrations were presented was counterbalanced across mice and strains. 

Food restriction / sucrose familiarization 

Mice were then provided limited access to chow in their home cage in a manner sufficient 

motivation to acquire and engage in an instrumental behavior in the morning, while maintaining 

close to that level of body weight throughout the 8 hr learning sessions.  Pilot studies indicated 

that adjusting food to achieve weights that were 90-95% of free-feeding body weights in the 

morning, and 80-85% in the evening offered optimal results.  Over 6 days, chow was titrated to 

reach this range.  Chow was provided in the evening, at least 60 mins after instrumental 

learning sessions.  The second day after food restriction was imposed, mice were provided 

access to 20% sucrose (concentration chosen on the basis of results from the consumption 

procedure; mice from whom sucrose consumption dose-response data were acquired did not 
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receive these exposure sessions) in their home cage for 4 hrs; three exposure sessions on 

consecutive days were given, the first of which occurred in the vivarium and second and third of 

which occurred in a laboratory room (to habituate mice to transport from the vivarium).   

Instrumental learning 

On the 7th  day after food restriction began (2 days after the last home-cage sucrose exposure 

session), mice were introduced extra-wide aluminum and polycarbonate Med Associates (St. 

Albans, VT) modular mouse testing chambers, each stationed inside a sound attenuating 

chamber and equipped with a white noise generator, house light (both on always), and  a tone 

generator.  A horizontal array of five illuminable nose-poke apertures formed one side of the 

box, and the opposite wall was fitted with an illuminable pellet delivery magazine with an entry-

detection photocell.   The magazines also contained reservoirs for sucrose solution.  A 5mL 

syringe (BD and Co, Franklin Lakes, NJ) containing sucrose was connected via PE-50 tubing 

(Stoelting Co., Wood Dale, IL) to a 26 gauge metal inlet fashioned underneath the magazine; 

sucrose was delivered to a connected reservoir by activation of a PHM-100 Med-Associates 

syringe pump situated on top of the sound attenuating chamber. Adjacent to the magazine, on 

both sides, were retractable ultra-sensitive mouse levers (2 gram force requirement for 

actuation).  Water was made available in the chamber via a lixit-sipper which was extended to 

approximately 2” above the grid floor, angled facing away from the magazine.     

Mice first underwent a single 1-h session of magazine training, during which 10 uL of 20% 

sucrose solution was delivered to the magazine by a 0.85 second pump activation.  A total of 

sixty rewards, coincident with a 3-s activation of the magazine light, were delivered on a 

variable-time 60-second schedule.  This session, like subsequent instrumental learning 

sessions, began in the AM, and mice were provided their daily allotted chow in the PM. 
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Next, mice began a series of three days of instrumental learning sessions.   Each started with a 

non-contingent delivery of 10 uL of sucrose and 3-s magazine illumination, followed by the 

extension of a single lever into the box (location relative to the magazine was counterbalanced 

within and across strains).  Consequently, the first 50 rewards were delivered on a fixed ratio 1 

schedule of reinforcement; the next 50 were delivered under a variable ratio 2 (VR2; range of 1 

to 3 presses required) schedule; the schedule was then switched to variable ratio 5 (VR5; range 

1 – 9 presses) for the remainder of the session, which terminated after 8 hours or after delivery 

of 500 rewards.  Rewards were delivered coincident with a 3-sec magazine illumination.  To 

facilitate response acquisition, the proprioceptive feedback of a successful lever actuation was 

supplemented by a 0.05 sec tone pulse.  All presses, except those made during the 0.85 

second pump activation during reward delivery, counted towards completion of the next 

response schedule.  Mice were allowed to freely organize their instrumental response patterns:  

there was never a time-out period and multiple rewards could be earned prior to their retrieval.   

Phenotypes 

On each of the three days of instrumental learning, we collected data on all lever press and 

magazine entry events; each was time-stamped.  Summary measures of spontaneous 

acquisition of instrumental behavior included total number of lever presses (across all 3 days) 

and presses per reinforcement schedule per day.  The latter set was transformed using time 

data into measures of response rate within each of the three reinforcement schedules within 

each day.  We also calculated a binary phenotype termed ‘responder’ which segregated 

subjects according to whether they made at least 50 lever presses across the 3 days; this 

divided animals into those who participated in lever press behavior during the total 24 hours of 

time spent in the chamber from those that that did.  The cutoff was chosen on the basis of task 

parameters (number of reinforcers earned prior to schedule advancement), which were 
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determined on the basis of pilot studies indicating that on average, relative disorganization gave 

way to cohesive instrumental responding after earning 40 to 60 rewards.   

We also collected non-genetic or nuisance covariates such as age at the start of the study, body 

weight prior to food restriction (free feeding body weight), and, on a daily basis, percent body 

weight lost when instrumental learning sessions started (i.e., when mice were placed inside 

operant chambers), and when they finished, relative to free feeding weight.   Averages of 

percent weight loss before and after sessions the three sessions were also calculated. 

Our dataset exhibited heavy rightward skew, likely owed to the absence of any shaping aside 

from magazine training (i.e., all instrumental behavior was spontaneously acquired).  

Consequently, in addition to acting as an omnibus test of instrumental behavior, the ‘responder’ 

phenotype also served as a cutoff: only mice that made 50 or more lever presses were included 

in analyses of quantitative instrumental learning traits.  To further improve normality, all 

variables were Box-Cox transformed prior to genome wide association mapping and gene co-

expression network analysis.  

Response rates during periods of VR5 ratio of reinforcement were used as a measure of 

asymptotic behavior.  Differences in asymptotic rates of responding were considered reflective 

of vigor or drive to obtain the sucrose reward, and therefore served as our primary measure of 

motivational aspects of reward seeking. 

Finally, we characterized learning curves using the methods of Gallistel et al. (2004).  In brief, 

this algorithm seeks to find the points in time where changes in behavior occur, by progressively 

iterating through successive behavioral responses, testing the distribution of response rates 

prior to a putative ‘change point’ and afterwards.  A change point is detected when statistically 

significant differences in these response distributions are detected (threshold p < 10-6).   The 

algorithm then treats this point as its new starting point, and continues to iterate through the 
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data to find further change points relative to the newly identified change point.  From this 

algorithm we extracted the time and number of rewards earned prior to the  first change point 

being detected (i.e,, when behavior first changed to a statistically significant degree, screening 

out single or small bursts of lever pressing that did not result in sustained increase in response 

rate).   These values were considered reflective the latency and reinforcement required  to 

induce the onset of learning.  

Genome-wide association mapping 

HMDP strains genomic data, acquired using Affymetrix Mouse Diversity arrays (Yang et al., 

2009), were provided by the laboratory of Aldons Lusis.  Nucleotide positional coordinates are 

GRCm37/mm9 genome assembly format.   

Genome-wide association analysis was performed using Factored Spectrally Transformed 

Linear Mixed Models (Lippert et al., 2011), a computationally efficient algorithm which offers 

effective control for confounding introduced by non-uniform population substructure.  FaST-

LMM uses a linear mixed model of the form: 

� = X� + 	��
�K +	��

�I, 

where X is the matrix of fixed effects (SNPs and covariates) with weights �, 	��
� is the genetic 

variance component weighted by the genetic similarity matrix K, and ��
� is the  residual variance 

component multiplied by identity matrix I.  Genetic similarity is estimated using the realized 

relationship method, based upon identity-by-state genome data.  Restricted maximum likelihood 

is used to optimize estimation of δ, the ratio between the genetic variance component and the 

residual variance component. The algorithm achieves high computational efficiency by 

performing spectral decomposition of the genetic similarity matrix without explicitly computing 

the genetic similarity matrix, which is achievable using the realized relationship approach; this 
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spectral decomposition permits transformation of the data in a manner that corrects for unequal 

genetic relatedness. Consequently, it can achieve rapid run times, and this is the case even 

when variance components are estimated anew for each SNP.  SNP effects are tested using F 

statistics, and heritability is estimated by calculating 
	��
�

		��
��	��

�. 

Prior to submission to FaST-LMM, we performed bivariate correlations between behavioral data 

and the collected covariates.  If a significant relationship was detected, the covariate was 

included in the mixed model.  

Wrapper scripts were written in Matlab R2011b (Mathworks, Inc., Natick, MA) to perform the 

following functions: genomes were extracted from a master genome file and reassembled in 

Plink binary format (Purcell et al., 2007) into a set representative of the subjects in our sample.  

SNPs were discarded on the basis of minor allele frequency less than 5% and if missingness 

rate across subjects exceeded 10%; approximately 200,000 SNPs remained after filtration.   

Inclusion of SNPs in the genetic similarity matrix that are in linkage disequilibrium (LD) with the 

SNP being tested is akin to including that SNP itself as a covariate in during the test of its 

association with a phenotype (Lippert et al., 2011; Listgarten et al., 2012).  We used the leave-

one-out strategy, which exploits the relatively low LD rate of SNPs on different chromosomes to 

limit this effect: SNPs were binned by chromosome, and successive calls were made to FaST-

LMM with SNP association performed on one chromosome at a time, using SNP data from all 

other chromosomes for estimation of genetic similarity.   

Genome scan results were visualized using Haploview (Barrett et al., 2005), and SNPs were 

considered significant if they met a false discovery rate (FDR) cutoff of ≤ 0.05 (Storey, 2002).  

QTL widths were defined by the LD block size that surrounding the most statistically significant 

SNP (in the case of clusters of SNPs with FDR ≤ 0.05); LD blocks were previously defined 

(Ghazalpour et al., 2012) on the basis of SNP ��.≥ 0.8; for SNPs that resided outside these 
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blocks, the window was fixed at  ± 500 Kb (HMDP mapping resolution is on average 1 mB; 

Bennet et al. 2010).  RefSeq genes within LD blocks were collected and visualized using the 

UCSC Genome Browser (Kent et al., 2002), available at http://genome.ucsc.edu. 

Expression data analysis 

Gene expression data was acquired from striatal tissue of HMDP strains using the Illumina 

Mouse-Ref 8 v2.0 Expression BeadChip microarrays (25,697 probes/genes); these data were 

collected by the laboratory of Dr. Desmond Smith (Park et al., 2011) and are available under 

Gene Expression Omnibus (GEO) accession number GSE26500 (http://ncbi.nlm.nih.go/geo). 

Expression QTLs (eQTLs) were determined previously by Park et al. (2011), with significant 

SNPs being defined as ‘cis-acting’ eQTLs (cis-eQTL) if they resided within 2 Mb of the probe, 

and ‘trans-acting’ eQTLs if they did not. 

We performed a weighted gene co-expression network analysis (WGCNA) of striatal samples 

using a suite of functions implemented in R (Zhang and Horvath, 2005; Langfelder and Horvath, 

2008; Langfelder et al., 2008). This technique discerns patterns of correlated gene expression, 

assigning them into different modules on the basis of collective coexpression.  By leveraging the 

finding that co-expressed genes tend to perform similar biological functions (Wolfe et al., 2005), 

inferences regarding poorly characterized genes can be made on the basis of known functions 

of co-expressed genes. The set of parameters for network construction and subsequent 

analyses were modeled after tutorials available at 

http://labs.genetics.ucla.edu/horvath/CoexpressionNetwork/Rpackages/WGCNA. 

Of the strains phenotyped, 50 overlapped with the set of strains for which expression data were 

collected.  Probe sets were first filtered for rates of high rates missingness, and hierarchical 

clustering of expression data by strain was used to filter outliers. An effective soft-thresholding 

parameter for calculation of co-expression via estimation of adjacency was determined 
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empirically on the basis of lowest power transformation required to achieve a high level of scale-

free topological fit (in our case, 12).  A single-block gene co-expression network was calculated 

on the basis of hierarchical clustering of unsigned gene topological overlap mapping (TOM), a 

quantitative metric of gene co-expression, based upon the number of ‘nodes’ to which a given 

pair of genes are both connected.  The output is represented as a dendrogram (see results), 

with downward-deflected branches indicating increased TOM; branched regions depict genes 

segregated into modules (of genes with high TOM).  Modules were denoted by different colors.  

Each was required to contain at least 30 genes, and modules that were correlated � ≥ 0.25 

were merged.    

The first principle component of the resultant gene modules – the module ‘eigengene,’ i.e., the 

single vector (of elements equal to the number of strains) most representative of the module 

itself – was correlated with phenotypic data.  Modules for which a significant correlation was 

found were further studied by calculation of Gene-trait Significance (GS), reflecting the degree 

to which the expression level of a gene correlates with an instrumental behavior trait (the 

absolute value of the r statistic value of this correlation).  Secondly, Module Membership (MM) 

was calculated, which describes the magnitude of the association between a gene’s expression 

level and the eigengene of the module it is in (also the absolute value of the r statistic value of 

this correlation).  GS was correlated with MM, testing the whether the degree to which a gene 

correlated with the trait was also reflective of the degree to which it was correlated with the 

structure of the module (i.e., its eigengene).  Modules were further advanced on the basis this 

correlation reaching statistical significance.   We also calculated average GS across all genes 

within a module as a measure of strengths of the correlation between its genes and instrumental 

behavior traits.  Selected modules were submitted to ontology analysis using DAVID tools, as 

were the sets of hub genes extracted from these modules (Huang da et al., 2009a, b).   

Prioritization of candidate genes 
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Genes within identified QTLs windows were prioritized as candidates for future causal studies 

on the basis of systems genetics tools (Flint et al., 2011; Park et al., 2011; Ghazalpour et al., 

2012). In particular, we examined what WGCNA co-expression module each genes resided in, 

whether the gene’s expression correlated phenotypic variation, and amongst those that did, 

whether  cis-eQTLs regulating its expression had been identified. 

Results 

HMDP strains exhibit a range of instrumental responding 

We first tested whether sucrose intake during free access condition predicted overall 

instrumental behavior; no significant correlations were found (data not shown).   

Figure 1 shows the total number lever presses made during instrumental learning sessions 

(summed across the three sessions), and within-strain variance (SEM).  The inbred strains 

tested exhibited considerable variability in behavior: several strains consistently failed to engage 

in any instrumental responding, while other classical inbreds spontaneously acquired the 

response and engaged in high levels of sucrose seeking.  On average, it appeared that variants 

of the 129 classical inbred lines, as well as BXA and AXB recombinant inbred strains were the 

poorest performers; other classical inbred strains responded at low, moderate, and high levels, 

and BXD strains tended to perform moderately.  There were, however, notable exceptions: in 

striking contrast to other BXA strains, BXA13/PgnJ mice were the highest responders in the 

entire cohort, and BXD39/TyJ mice pulled away from other BXD lines by failing to respond 

entirely. 

Genome-wide association scan reveals multiple QTL for instrumental sucrose-seeking 

Prior to submission to QTL mapping, the relationship between individual covariates and total 

lever presses was examined.  These data are presented as Supplemental Figures content. No 
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significant correlations with age (r = 0.085, p = 0.23), free-feeding body weight (r = 0.035, p = 

0.62), or average percentage weight loss from free-feeding body weight measured directly 

before sessions started (r = -0.096, p = 0.18) were found; only average percent weight loss 

measured at the completion of sessions (likely the consequence of variation in instrument 

performance; see Supplemental Figure 5) was negatively associated with lever presses (r = -

0.3, p = 1.8 * 10-5.  Consequently, the genome association scan was performed without 

inclusion any covariate data. 

We first performed an association scan on performed an association scan on the binary 

‘responder’ trait.   Of 300 mice tested, approximately 100 failed to performed a nominal level of 

instrumental behavior ( ≥ 50 presses).  Thus, we used this phenotype to seek genetic 

determinants of the basic tendency to exploit the environment by engaging in an appetitive 

instrumental behavior.    As shown in Figure 2, several SNPs on chromosome 15 were 

suggestive, but not significant (FDR = 0.060).    Narrow sense heritability for engaging in 

instrumental responding for sucrose was estimated as 29.76%.  

We then analyzed quantitative variation in instrumental responding for sucrose, constraining the 

sample to mice designated as responders.    These results are plotted in Figure 3.  Six QTL with 

FDR ≤ 0.05 were uncovered, mapping to chromosomes 3, 10, 11, 12,, and 19; SNPs on 

chromosome 4 and 16 were near-significant as well (FDR = 0.051, FDR = 0.063, respectively). 

The Narrow-sense heritability estimate for variation in instrumental behavior was  28.16%.    

Genes from LD blocks defined by the most significant SNP per QTL, or within a 1 Mb window 

for SNPs which were found between LD blocks are shown in Table 2 (note: this table includes 

SNPs from suggestive QTL on chromosome 4).  The LD window surrounding the chromosome 

16 suggestive QTL (a single SNP reached statistical significance) did not map to any known 

genes.   
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The genomic regions that the identified QTLs for instrumental behavior span are depicted in 

detail in Supplemental Figure 1.  The genomic area surrounding suggestive signal from the 

responder GWAS is also shown in Supplemental Figure 2. 

Weighted gene co-expression analysis reveals gene modules associated with instrumental 

behavior  

Prior to formation of the gene co-expression modules, clustering algorithms were used to screen 

for outliers gene expression in the gene expression data (3 strains were removed; Figure 4).   

Data were further screened for systematic patterns of highly divergent or skewed gene 

expression across the quantitative range of phenotype measured that would make the 

phenotype unsuitable for parametric analyses with expression data (Figure 5); no patterns to 

this effect were detected.  Subsequently, a striatal gene co-expression network was 

constructed, yielding 15 modules, containing between 35 to 4,243 genes each.   Module 

structure is depicted in Figure 6; branches indicate regions of increased gene expression 

similarity, and colors correspond to names used to identify modules (genes not assigned to 

modules assigned grey).   

Each module’s eigengene – a vector most descriptive of the co-expression structure of the 

module (its first principle component) – was related to our instrumental learning traits, as shown 

in Figure 7, in order to ascertain which modules’ co-expression patterns were associated with 

variation in instrumental behavior.  Clear patterns of association with instrumental behavior were 

found: total lever presses was significantly correlated with six of the 15 modules, including the 

turquoise module, which over 5 times as many genes as the next most populated module. 

We submitted two modules – the turquoise module and the green module – to further analysis, 

on basis of their strong eigengene association with lever pressing behavior and the number of 

genes within the modulee.  These data are shown in Figure 8.   Both modules exhibited 
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prominent correlations between green significance and module membership (turquoise: r = 

0.56, p < 10-200; green: r = 0.18, p = 0.011).   That is, the degree to which a gene’s expression 

level correlated with the lever pressing trait was also related to the degree to which it was 

similar to the overall structure of the module itself (i.e., the module eigengene). These are the 

properties indicated a cohesive trait – gene expression structure within the green and turquoise 

module.  Moreover, plotting the correlation between strain-level lever pressing and module 

eigengene for these modules indicated that though there was some degree of skew, it was not 

dramatic, and the correlations were not driven by outliers.   

Figure 9 depicts the average correlation statistic between gene expression and lever pressing 

across all genes within a module.  Turquoise and green modules are amongst the highest; 

though salmon and greenyellow modules show high mean significance, we discounted these 

modules on the basis that they did not exhibit significant gene significance – module 

membership correlations, indicating that the co-expression structure of these modules was 

poorly related lever pressing behavior. 

Module ontology analysis 

Having demonstrated a compelling relationship to phenotypic variation in instrumental 

responding for sucrose, the turquoise and green modules were then submitted to ontology 

analysis.   Because modules were comprised of large numbers of genes, clustering algorithms 

were used, and the resultant annotation groups are presented in Tables 3 and 4.  Terms 

prominent in the turquoise module include intracellular protein transport and localization, 

nucleotide and ATP binding, and vesiclular (synaptic and cytoplasmic), mitochondrial, and 

Golgi-related processes. The green module was highly enriched in proteasome and 

mitochondrion-related processes, as well as cellular catabolic processes.  
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Genome and transcription data reveal escalate 3 genes as candidates for controlling variation in 

instrumental behavior  

Table 2 all genes within QTL identified for quantitative variation in instrumental behavior.  Gene 

co-expression modules that these genes reside in are also shown, and where statistically 

significant relationships between a gene’s expression and instrumental behavior were found, 

statistics r and p for this gene-trait correlation.  Finally, among the genes that have significant 

correlations, whether eQTLs that have been identified (Park et al., 2011) are cis-acting or trans-

acting is denoted.   

By virtue of residing within co-expression modules that relate to lever pressing behavior (3 of 4 

in the turquoise module, 1 in the yellow module), exhibiting statistically significant correlations 

between expression levels and lever pressing, Gns, Bzrap, Tmem44, and Ppp1R2 are three top 

candidates, prioritizing them as genes that potentially harbor polymorphisms in control of 

individual variation in reward-driven instrumental behavior. 

Phenotype relationships 

Interestingly, there was a unique pattern in the relationships between change point measures 

and module eigengenes, and motivational measures and eiegegenes:  where motivational 

measures –  last session, asymptotic response rate under VR5 schedule of reinforcement –

correlated positively with a module eigengene, the change point measure of number of 

reinforcement events prior to the onset of instrumental learning also correlated, with similar 

directionality and magnitude.  Indeed, 5 out of the 5 modules with eigengene-trait correlations 

for final VR5 response rate that had positive r values above 0.1 also had positive r values above 

0.1 for reinforcers prior to onset of learning, and the same correspondence was found for 

negative r values, with all 4 of the modules with values < 0.1 for VR5 response rate also having 

negative r values < 0.1 for reinforcers prior to learning. This was specific to this aspect of onset 
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of learning, however: latency until the onset of learning was unrelated to most modules, and no 

discernable pattern amongst it and other measures of instrumental behavior were seen.   

This result is particularly unexpected, as measures of learning and asymptotic behavior are 

frequently considered dissociable (Pubols, 1960; Pecina et al., 2003; Gallistel et al., 2004; 

Cagniard et al., 2006; Papachristos and Gallistel, 2006; Yin et al., 2006b).  Consequently, we 

sought to determine whether this overlap in transcriptomics was found with respect to genetics 

as well.  We performed bivariate non-parametric correlations, relating latency until onset of 

learning, reinforcement events until onset of learning, and response rates under VR5 schedule 

of reinforcement during the final instrumental behavior: while no relationship between latency 

until onset of learning and final VR5 response rate was found (Spearman’s � =	-0.161, p = 

0.177), strain-level variation in number of reinforcement events required to elicit the onset of 

learning was significantly associated with strain-level variation in final VR5 response rates  

(Spearman’s � =	-0.244, p = 0.039).   Moreover, the geography of GWAS results for final 

session VR5 response rate and number of reinforcers prior to onset of instrumental learning (but 

not latency until onset of learning) were highly similar: where low p value SNPs where observed 

for one phenotype, they were found for the other (data not shown). 

Conclusion 

Here, we provide evidence of genomic regions that determine whether an animal engages in 

instrumental behavior, and a set of genomic regions related to quantitative variation in appetitive 

instrumental behavior.   Additionally, we show that this behavior has strong associations with 

large modules of co-expressed genes.  Further work will be needed to extract from this dataset 

the underlying biological processes that link together these co-expressed gene modules, the 

most prominent genes within the modules, and the QTL we have identified here, in order to 

provide detailed characterization of the genetic landscape of appetitive instrumental behavior.   
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We also show that at both a genomic level (inter-strain differences) and transcriptomic level 

(gene co-expression module overlap), differences in asymptotic response rates relate 

specifically to number of reinforcement events needed to elicit learning, but not time until 

learning begins.  The relationship between learning and asymptotic behavior is indeed 

unexpected, and will be discussed further in the conclusions chapter. 
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FIGURE 1: Strain-level variation in instrumental responding for sucrose, quantified as the 
summed lever presses made across all instrumental behavior sessions 
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FIGURE 2: Genome-wide association scan for ‘responder’ status yields suggestive QTL on 
chromosome 15. A single gene, Fam173b, maps to this locus.  
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FIGURE 3: Genome-wide association scan for quantitative variation in instrumental behavior 
reveals 8 statistically significant QTL across chromosomes 3, 4, 10, 11, 12, 16, and 19.   
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Figure 4: Clustering used to detect 3 outlier strains in striatal expression data.   Three strains, 
which lie above the red line, were excluded from the weighted gene co-expression network 
formation. 

 

 

 

 

 

 



87 
 

 

Figure 5: Dendrogram relating strains gene expression to heatmap of phenotype data.   Colors scaled 
from white to dark red indicate low to high value phenotype values for the strain positioned in the 
dendrogram above the heatmap. Because branches of the dendrogram (created based upon clustering 
of gene expression data) do not systematically correspond to large phenotype differences (i.e., branches 
are not placed at regions of white to red transitions for phenotypes analyzed), expression data is likely 
not systematically biased by phenotype values.  That is, expression data is likely relatively evenly 
distributed across phenotypic ranges.   
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Figure 6: Weighted gene co-expression network analysis formation. Genes demonstrating 
significant co-expression – quantified by topological overlap mapping, a measure of the degree 
to which two genes are connected to the same nodes – are mapped into modules, designated 
by colors.  Each downward deflected line represents a gene, and the degree of deflection 
corresponds to the departure from dissimilarity (i.e., greater co-expression). 
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Figure 7: Relationship between module eigengenes (first principle component) and instrumental 

behavior traits.   Numbers to the left are numbers of genes within modules; in the heatmap, data are 

presented as:                         Correlation statistic r  

               (correlation p value) 
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Figure 8: Diagnostic measures for selected modules (turquoise and green). 

Left: Gene module membership (correlation of a gene’s expression with module eigengene) 
related to gene significance (correlation of a gene’s expression and lever pressing).  Positive 
correlation indicates that the structure of the module relates cohesively to the expression of the 
lever pressing trait itself. 

Right side: strains’ module eigengene values plotted against strain means of lever pressing 
behavior.  Well distributed properties of the correlation considered indicate non-spurious 
association (i.e., not driven by outliers), and lend support to the notion of relationship between 
the module (and the genes that comprise it) and phenotypic variation in lever pressing for 
sucrose. 
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Figure 9: Average gene significance.  Mean correlations (absolute value of r statistics) of a 
gene’s expression with lever pressing – across all genes within a given module.   
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Table 1: Sample demographics.  Strain names, number of subjects per strain, average age by strain are shown, 

as well as degree of weight reduction induced by caloric restriction prior to the start of instrumental learning. 
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Chrom. Symbol Gene name p val eQTL

3 Nlgn1

4 Cd164L2

4 Gpr3

4 Map3K6

4 Sytl1

4 Tmem222

4 Wasf2

10 4921513I03Rik

10 D930020B18Rik

10 Gns -0.58 trans

10 Lemd3

10 Msrb3

10 Rassf3

10 Tbc1D30

10 Tbk1

10 Wif1

10 Xpot

11 1110028F11Rik

11 Bzrap1 turquoise trans

11 Epx grey

11 Gdpd1 grey

11 Hsf5 grey

11 Lpo grey

11 Mir301

11 Mks1

11 Mpo grey

11 Mtmr4 grey

11 Olfr462 grey

11 Olfr463 grey

11 Olfr464 grey

11 Ppm1E brown

11 Prr11 grey

11 Rad51C grey

11 Rnf43 grey

11 4-Sep

11 Supt4h1 grey

11 Tex14 grey

11 Trim37 blue

11 Ypel2 grey

11 Smg8

11 Ska2

16 Acap2

16 Apod

16 Atp13A3 ATPase type 13A3

smg-8 homolog, nonsense mediated mRNA decay factor

spindle and kinetochore associated complex subunit 2

ArfGAP with coiled-coil, ankyrin repeat and PH domains 2

apolipoprotein D

tripartite motif-containing 37

yippee-like 2 (Drosophila)

predicted gene 3258;

testis expressed gene 14

ring finger protein 43

septin 4

proline rich 11

RAD51 homolog c (S. cerevisiae)

olfactory receptor 464

protein phosphatase 1E (PP2C domain) 

olfactory receptor 462

olfactory receptor 463

myeloperoxidase

myotubularin related protein 4

microRNA 301

Meckel syndrome, type 1

heat shock transcription factor family member 5

lactoperoxidase

eosinophil peroxidase

glycerophosphodiester phosphodiesterase 

exportin, tRNA (nuclear export receptor for tRNAs)

RIKEN cDNA 1110028F11 gene

benzodiazapine receptor assoc. protein 1 -0.458 0.001

TBC1 domain family, member 30

TANK-binding kinase 1 grey

Wnt inhibitory factor 1 grey

methionine sulfoxide reductase B3 grey

Ras association (RalGDS/AF-6) family member 3 grey

RIKEN cDNA D930020B18 gene

glucosamine (N-acetyl)-6-sulfatase turquoise 1.29E-05

LEM domain containing 3

synaptotagmin-like 1

similar to D4Ertd196e protein

WAS protein family, member 2 turquoise

RIKEN cDNA 4921513I03 gene

G-protein coupled receptor 3 grey

mitogen-activated protein kinase kinase kinase 6 grey

Module r  value

neuroligin 1 blue

CD164 sialomucin-like 2
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16 Atp13A3

16 Bdh1

16 Cpn2

16 Fam43A

16 Gp5

16 Lrrc15

16 Lsg1

16 Ppp1R2 0.38 trans

16 Tmem44 0.32 trans

19 C130060C02Rik

19 Cep78

19 Foxb2 -0.3

19 Gcnt1

19 Pcsk5

19 Prune2

19 Psat1

19 Rfk

similar to Phosphoserine aminotransferase 1 grey

riboflavin kinase grey

glucosaminyl (N-acetyl) transferase 1, core 2 grey

proprotein convertase subtilisin/kexin type 5

RIKEN cDNA A230083H22 gene

RIKEN cDNA C130060C02 gene

centrosomal protein 78 grey

forkhead box B2 grey 0.023

protein phosphatase 1, regulatory (inhibitor) subunit 2yellow 0.008

transmembrane protein 44 turquoise 0.028

leucine rich repeat containing 15 grey

large subunit GTPase 1 homolog (S. cerevisiae) grey

carboxypeptidase N, polypeptide 2 grey

family with sequence similarity 43, member A

glycoprotein 5 (platelet) grey

ATPase type 13A3

3-hydroxybutyrate dehydrogenase, type 1 grey

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2: Genes underlying QTL for total lever pressing for sucrose, integrated with transcriptomics data.  Corresponding 

module name from WGCNA, and, where statistically significant, correlations between the gene expression and the lever 

pressing.    Presence of cis- vs trans-eQTLs shown for genes with significant trait correlation.  Prioritized genes are in 

bold-face type. 
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Annotation Cluster 1 11.685 
   Term Count % PValue FDR 

protein localization 177 7.409 2.610E-17 4.820E-14 

establishment of protein localization 159 6.656 7.140E-17 2.000E-13 

protein transport 158 6.614 1.900E-16 4.110E-13 

protein transport 115 4.814 5.900E-13 8.590E-10 

transport 289 12.097 8.970E-12 1.310E-08 

intracellular transport 104 4.353 5.310E-11 9.790E-08 

intracellular protein transport 71 2.972 5.090E-09 9.390E-06 

cellular protein localization 73 3.056 3.170E-08 5.850E-05 

cellular macromolecule localization 73 3.056 4.240E-08 7.820E-05 

     Annotation Cluster 2 9.4603 
   Term Count % PValue FDR 

nucleotide binding 393 16.450 1.770E-16 3.550E-13 

nucleotide-binding 311 13.018 1.050E-14 1.540E-11 

purine nucleotide binding 333 13.939 4.010E-13 6.500E-10 

ribonucleotide binding 319 13.353 1.950E-12 3.150E-09 

purine ribonucleotide binding 319 13.353 1.950E-12 3.150E-09 

atp-binding 243 10.172 4.110E-11 5.980E-08 

nucleoside binding 276 11.553 1.260E-10 2.050E-07 

purine nucleoside binding 274 11.469 1.640E-10 2.660E-07 

adenyl nucleotide binding 272 11.386 1.740E-10 2.820E-07 

ATP binding 257 10.758 3.820E-10 6.180E-07 

adenyl ribonucleotide binding 258 10.799 7.820E-10 1.270E-06 

nucleotide phosphate-binding region:ATP 159 6.656 5.360E-04 1.011E+00 

kinase 120 5.023 6.090E-04 8.825E-01 

binding site:ATP 95 3.977 8.855E-03 1.552E+01 

     Annotation Cluster 3 8.002 
   Term Count % PValue FDR 

mitochondrion 251 10.506 4.940E-12 7.240E-09 

mitochondrion 165 6.907 4.110E-11 5.980E-08 

mitochondrial part 113 4.730 9.160E-09 1.340E-05 

transit peptide 95 3.977 9.790E-07 1.426E-03 

transit peptide:Mitochondrion 92 3.851 5.340E-05 1.012E-01 

     Annotation Cluster 4 7.748 
   Term Count % PValue FDR 

organelle membrane 176 7.367 1.340E-13 1.970E-10 



96 
 

mitochondrion 165 6.907 4.110E-11 5.980E-08 

envelope 121 5.065 2.760E-10 4.040E-07 

organelle envelope 120 5.023 4.460E-10 6.530E-07 

mitochondrial part 113 4.730 9.160E-09 1.340E-05 

mitochondrial envelope 88 3.684 6.690E-08 9.810E-05 

mitochondrial membrane 81 3.391 6.200E-07 9.090E-04 

organelle inner membrane 68 2.846 7.790E-06 1.141E-02 

mitochondrial inner membrane 65 2.721 9.830E-06 1.440E-02 

mitochondrion inner membrane 42 1.758 1.660E-04 2.421E-01 

     Annotation Cluster 5 6.959 
   Term Count % PValue FDR 

Golgi apparatus 137 5.735 2.360E-08 3.450E-05 

golgi apparatus 114 4.772 1.150E-07 1.670E-04 

Golgi apparatus part 57 2.386 4.900E-07 7.180E-04 

     Annotation Cluster 6 6.9072 
   Term Count % PValue FDR 

vesicle-mediated transport 115 4.814 9.260E-13 1.710E-09 

membrane organization 69 2.888 1.570E-08 2.900E-05 

endocytosis 50 2.093 4.180E-07 7.710E-04 

membrane invagination 50 2.093 4.180E-07 7.710E-04 

Endocytosis 21 0.879 1.143E-02 1.541E+01 

     Annotation Cluster 7 5.2085 
   Term Count % PValue FDR 

membrane-bounded vesicle 90 3.767 4.770E-07 6.990E-04 

vesicle 105 4.395 8.910E-07 1.306E-03 

cytoplasmic membrane-bounded vesicle 88 3.684 9.240E-07 1.354E-03 

coated vesicle 37 1.549 9.590E-07 1.405E-03 

cytoplasmic vesicle 103 4.311 1.050E-06 1.544E-03 

clathrin-coated vesicle 32 1.339 2.910E-06 4.265E-03 

cytoplasmic vesicle 50 2.093 1.910E-04 2.770E-01 

synaptic vesicle 21 0.879 1.980E-04 2.905E-01 

synapse part 46 1.925 3.040E-04 4.454E-01 

     Annotation Cluster 8 5.0822 
   Term Count % PValue FDR 

protein catabolic process 113 4.730 2.270E-07 4.190E-04 

cellular macromolecule catabolic process 121 5.065 2.940E-07 5.420E-04 

macromolecule catabolic process 128 5.358 3.030E-07 5.590E-04 
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cellular protein catabolic process 108 4.521 7.530E-07 1.388E-03 

proteolysis involved in protein catabolic process 106 4.437 1.820E-06 3.357E-03 

modification-dependent protein catabolic process 98 4.102 1.600E-05 2.945E-02 

modification-dependent macromolecule catabolic  98 4.102 1.600E-05 2.945E-02 

ubl conjugation pathway 88 3.684 4.030E-04 5.853E-01 

proteolysis 148 6.195 6.382E-02 7.037E+01 
 

 

Table 3: Gene ontology cluster analysis for turquoise module.  Data are clustered into related 
annotation groups; values presented in the top row for each cluster are enrichment scores, 
representing the fold enrichment of the genes in the cluster relative to background (i.e., all other 
genes in the mouse genome).  Number of genes, percent of module,  p and FDR statistics are 
shown for each ontology term. 
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Annotation Cluster 1 2.5337 
   Term Count % PValue FDR 

proteasome 5 0.299 1.355E-03 1.667E+00 

proteasome complex 5 0.299 1.843E-03 2.332E+00 

mmu03050:Proteasome 4 0.239 1.003E-02 9.737E+00 

     Annotation Cluster 2 2.483 
   Term Count % PValue FDR 

mitochondrion 26 1.554 2.550E-04 3.258E-01 

mitochondrion 17 1.016 1.858E-03 2.279E+00 

mitochondrial part 12 0.717 7.737E-03 9.459E+00 

transit peptide 11 0.658 7.910E-03 9.375E+00 

transit peptide:Mitochondrion 11 0.658 1.311E-02 1.727E+01 

     

Annotation Cluster 3 2.197 
   Term Count % PValue FDR 

mmu04120:Ubiquitin mediated proteolysis 9 0.538 3.858E-05 3.919E-02 

protein catabolic process 15 0.897 3.552E-04 5.402E-01 

ubl conjugation pathway 13 0.777 1.340E-03 1.648E+00 

modification-dependent macromolecule catabolic process 13 0.777 1.645E-03 2.478E+00 

modification-dependent protein catabolic process 13 0.777 1.645E-03 2.478E+00 

macromolecule catabolic process 15 0.897 1.720E-03 2.590E+00 

proteolysis involved in cellular protein catabolic process 13 0.777 2.490E-03 3.730E+00 

cellular protein catabolic process 13 0.777 2.607E-03 3.902E+00 

small conjugating protein ligase activity 6 0.359 4.579E-03 5.812E+00 

cellular macromolecule catabolic process 13 0.777 7.064E-03 1.024E+01 

ubiquitin-protein ligase activity 5 0.299 1.262E-02 1.527E+01 

acid-amino acid ligase activity 6 0.359 1.462E-02 1.748E+01 

ligase activity, forming carbon-nitrogen bonds 6 0.359 2.613E-02 2.921E+01 

ubiquitin-dependent protein catabolic process 5 0.299 3.533E-02 4.221E+01 

proteolysis 16 0.956 3.627E-02 4.306E+01 

protein modification by small protein conjugation or removal 4 0.239 6.315E-02 6.301E+01 

protein modification by small protein conjugation 3 0.179 1.522E-01 9.193E+01 

ligase 5 0.299 2.590E-01 9.757E+01 

     Annotation Cluster 4 1.906 
   Term Count % PValue FDR 
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organelle membrane 17 1.016 2.446E-03 3.085E+00 

organelle inner membrane 9 0.538 7.303E-03 8.951E+00 

mitochondrial part 12 0.717 7.737E-03 9.459E+00 

organelle envelope 12 0.717 9.582E-03 1.159E+01 

envelope 12 0.717 9.835E-03 1.188E+01 

mitochondrial inner membrane 8 0.478 1.780E-02 2.053E+01 

mitochondrion inner membrane 6 0.359 2.403E-02 2.603E+01 

mitochondrial envelope 9 0.538 2.529E-02 2.795E+01 

mitochondrial membrane 8 0.478 4.919E-02 4.755E+01 

     Annotation Cluster 5 1.7503 
   Term Count % PValue FDR 

IPR011333:BTB/POZ fold 7 0.418 5.015E-03 6.645E+00 

IPR000210:BTB/POZ-like 6 0.359 2.089E-02 2.508E+01 

domain:BTB 5 0.299 2.510E-02 3.058E+01 

IPR013069:BTB/POZ 5 0.299 2.587E-02 3.013E+01 

SM00225:BTB 6 0.359 2.603E-02 2.508E+01 

     Annotation Cluster 6 1.573 
   Term Count % PValue FDR 

biopolymer methylation 5 0.299 3.459E-03 5.146E+00 

methylation 5 0.299 5.070E-03 7.458E+00 

one-carbon metabolic process 5 0.299 1.944E-02 2.587E+01 

protein amino acid methylation 3 0.179 5.441E-02 5.739E+01 

protein amino acid alkylation 3 0.179 5.441E-02 5.739E+01 

methyltransferase 3 0.179 3.610E-01 9.961E+01 

     Annotation Cluster 7 1.5077 
   Term Count % PValue FDR 

membrane-enclosed lumen 21 1.255 4.019E-03 5.022E+00 

intracellular organelle lumen 20 1.195 6.009E-03 7.421E+00 

organelle lumen 20 1.195 6.179E-03 7.623E+00 

nuclear lumen 16 0.956 1.307E-02 1.549E+01 

nucleolus 8 0.478 2.229E-02 2.505E+01 

nucleoplasm part 8 0.478 1.820E-01 9.235E+01 

nucleoplasm 8 0.478 2.976E-01 9.891E+01 

nuclear body 3 0.179 3.683E-01 9.972E+01 

     Annotation Cluster 8 1.472 
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Term Count % PValue FDR 

PIRSF002337:Actin 3 0.179 5.988E-03 6.229E+00 

IPR004000:Actin/actin-like 3 0.179 2.144E-02 2.565E+01 

SM00268:ACTIN 3 0.179 2.408E-02 2.342E+01 

cytoskeleton 7 0.418 4.184E-01 9.988E+01 
 

Table 4: Gene ontology cluster analysis for green module.  Data presented as in format 

described in table 3. 
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Supplemental Figure 1: Detailed genomic landscape of QTLs identified for lever pressing for sucrose  
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Supplemental Figure 2: Detailed genomic landscape surrounding suggestive SNPs for ‘responder’ status  
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Supplemental Figure 3: Scatterplots of age and free-feeding body weight with total lever presses.  No 

significant relationships were found. 
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Supplemental Figure 4: Scatterplots of average weight reduction before and after sessions with total lever 

presses.   While average weight loss (relative to free-feeding body weight) before the 3 sessions of 

instrumental learning was not predictive of performance, body weight loss after sessions was significantly 

associated. 
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Supplemental Figure 5: Patterns of correlation of weight reduction with lever pressing before and after 

individual session.  The pattern of absence of correlation before session 1, a significant correlation after 

session 1, and again no association prior to session 2, indicated that the correlations  observed relating total 

lever pressing to post-session weight were likely the result of performance in the operant chamber rather, an d 

consequently GWA results did not incorporate these covariates. 
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CHAPTER 4 

CONCLUSIONS 

Because Pavlovian and instrumental processes enabling the prediction and pursuit of desired 

rewards, as well as the avoidance of dangers and noxious stimuli, they are integral to a wide 

range of behaviors that we exhibit.  The first series of studies sought to disentangle the complex 

role of NMDA-mediated dopamine cell burst firing in reward-related learning, and to test 

causally, for the first time, predictions made by the incentive salience account of phasic 

dopamine function.   While instrumental learning was impaired in our genetic model of 

attenuated phasic dopamine release, Pavlovian magazine approach was not, and importantly, 

we found no evidence to support a selective dependency of incentive salience attribution, but 

not prediction error learning, on phasic dopamine release.  The second study used methods that 

are in many ways opposite of those used in the first – forwards genetics versus reverse 

genetics, hypothesis-free versus hypothesis-based – but was linked by a common behavioral 

paradigm of critical significance to human behavior.  Association-level genome-wide scans 

yielded several QTL related to quantitative variation in instrumental responding for sucrose; 

transcriptomics data provided an empirical basis for prioritizing QTL genes for subsequent 

causal studies, and offered a resource for the development of new hypotheses regarding the 

biology that links genes to behavior in the context of reward-related learning.      

Insights into the role of phasic dopamine release in reward-related learning 

Our pattern of findings in Chapter 2 indicate that the NMDA receptors in dopamine neurons, and 

by extension glutamatergic plasticity and/or phasic firing patterns, regulate the strength of 

instrumental responding, but are not required for discriminative Pavlovian approach learning. 
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The mechanisms by which attenuation of phasic dopamine release could impact instrumental 

learning while leaving Pavlovian approach conditioning unaffected are many.   

One potential explanation is that – during instrumental behavior – attenuated incentive salience 

attribution to instrumental outcomes associated with diminished capacity for phasic dopamine 

release results in lower levels of vigorous reward-seeking; on the other hand, the Pavlovian 

approach paradigm used may have emphasized contingency learning rather than incentive 

salience attribution.  Alternatively, it may be that the failure to detect effects on Pavlovian 

approach behavior is a consequence of residual phasic dopamine release: though burst firing is 

strongly attenuated in our model system, previous reports indicate that in vivo phasic dopamine 

release in DATcre;NR1 mice is approximately 30% that of NR1 heterozygotes, and CSs are 

capable of eliciting this remaining capacity (Zweifel et al., 2009; Parker et al., 2010) .  What is 

left may provide sufficient signal to noise for acquisition and representation of Pavlovian delay 

conditioning, especially when associative contingencies are binary and deterministic (i.e., 

P(US|CS)=1, P(US|~CS)=0).   

Nevertheless, the incomplete loss of phasic dopamine release in this genetic model offers a 

unique opportunity to distinguish between the prediction-error and the incentive salience 

perspectives of dopamine in learning.   In many cases, learned behavioral phenomena can be 

equally explained by the acquisition of the contingencies between stimuli using a phasic 

dopamine prediction error signal, or by the combination of non-dopaminergic contingency 

learning with attribution of incentive properties to associative stimuli via phasic dopamine 

release.  Certainly acquisition of Pavlovian and instrumental behaviors would suffer in a 

relatively similar manner if phasic dopamine release was impeded; even Pavlovian-to-

instrumental transfer, considered a canonical manifestation of incentive salience attribution 

(Robinson and Berridge, 2008), could perhaps be conceptualized as an positive prediction error 

arising from an unexpected CS presentation.   
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Autoshaping of Pavlovian conditional approach, however, offers a scenario in which 

contingency learning  and incentive salience learning can putatively be dissociated (Robinson 

and Flagel, 2009).   Rats that exhibit a sign-tracking  (directed to the CS) response during 

conditioning, argued to be demonstrative of attribution of incentive salience to reward-predictive 

cues, show greater changes in dopamine concentration in response to reward-predictive CSs 

than those that exhibit a goal-tracking (food magazine approach) response (Robinson and 

Flagel, 2009; Flagel et al., 2011).  If this is a causal relationship, then a quantitative reduction in 

phasic dopamine release amplitude should diminish the probability of displaying sign-tracking 

conditional responses.   

No such relationship, however, was found here.  While it remains possible that the sign-tracker 

phenotype is under dopaminergic regulation (Flagel et al., 2011), we did not yield any data in 

support its emergence as a consequence of quantitative variation in stimulus-evoked dopamine 

transients. 

Intricacies of goal-tracking and sign-tracking behaviors: a valid model of individual variation in 

incentive salience attribution? 

Whether Pavlovian magazine approach behavior is under the control of Pavlovian processes, 

rather than instrumental processes, has historically been a contentious issue.  At once, the 

behavior is CS-elicited, insofar as behaviors come to be elicited selectively during presentation 

of the cue; however, the magazine approach itself is a response that is required to experience 

the CS-US association.  Moreover, while the head-entry measure of conditional approach 

learning does come to be evoked by the CS as training proceeds, it is nevertheless the same 

response that is elicited by the US, which renders conclusions regarding conditioning less clear 

than in paradigms where the unconditional response and conditional response differ (e.g., fear 

conditioning).  It has been suggested that the magazine approach behavior may also represent 
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non-specific, ‘superstitious’ instrumental behavior directed towards an area where the animal 

has experienced reinforcement.   

Experiments of approach behavior under an omission schedule of reinforcement (i.e. an 

instrumental response suppressive paradigm) indicated that approach behavior emerges, 

suggesting it is Pavlovian (Holland, 1979).  However, at the same time, the rate of approach 

responding under an omission schedule is significantly lower than responding without omission 

contingencies, an indication that normal Pavlovian approach behavior may be comprised of 

instrumental and Pavlovian components, and that the omission schedule precludes the 

expression of the former.   

It has been argued, therefore, that behavior under omission schedule is the purely Pavlovian 

component – invoked reflexively by the CS despite its negative consequences.  A recent 

experiment attempted to argue that this is not the case.  A series of experiments contrasting 

omission-schedule cues and normal Pavlovian cues within-subjects indicated that the lower rate 

of responding under omission schedule was the consequence of suppression of behavior by 

reinforcement of response competition, rather than an isolation of the Pavlovian component of 

an approach response that both instrumental and Pavlovian at once (Harris et al., 2013).  

However, this conclusion may have been derived more from a particular interpretation of the 

data rather than raw, causal findings.  The distinction does not appear to have yet been 

conclusively resolved, and its debate will likely continue. What can be concluded, however, is 

that in the experiments shown here, is that NMDA-mediated phasic dopamine release is not 

required to adaptively respond to the additional Pavlovian component in the Pavlovian approach 

paradigm.  However, it must be acknowledged that order effects (i.e., the instrumental learning 

prior to the Pavlovian approach) may have influenced this result.   
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Stemming from the complications of instrumental components potentially residing within 

Pavlovian approach responses is the possibility possible that the phenotypic difference of the 

sign-tracking and goal-tracking conditional response does not reflect differential incentive 

salience attribution, but is there result of misattribution of instrumental contingences; of course, 

one can argue that a mistaken instrumental behavior is a form of incentive salience attribution, a 

more powerful form of ‘wanting’ that leads an animal to seek out instrumental responses with 

such a desperate vigor that it acquires incorrect instrumental responses.  An argument of this 

nature, however, leans dangerously in the direction of non-falsifiability.  

As reviewed in Meyer et al. (2012), sign-tracking behavior can be interpreted as maladaptive, as 

it directs behavior away from the primary reward.  It may even cost the animal the experience of 

the reward entirely.  For example, sign-tracking readily develops towards predictive cues that 

are spatially distant from briefly presented rewards, and when contacts with the CS lead to 

reward omission (Williams and Williams, 1969; Hearst and Jenkins, 1974; Killeen, 2003).  In 

most sign-tracking experiments, however, behavior is observably redirected away from the CS 

and towards the US when the US is actually presented (though the redirection may be 

unsuccessful).  An example to the contrary is that of quails that developed copulatory behaviors 

towards a cue predictive of access to opposite sex conspecifics.  In a subset of these animals, 

the CS-directed copulation continued after access to the mate was granted (Koksal et al., 2004). 

Sign tracking has other unique qualities: while it is not uncommon for the type of CS to 

determine the particular form of the conditional response expressed (Holland, 1977; Holland, 

1980), the degree to which this is the case for sign-tracking behavior is particularly striking: 

animals readily interact with a visual or tactile cue such as a lever, but sign-tracking never 

develops to auditory cues (Meyer et al., 2012).  And perhaps of greatest significance here, sign-

tracking responses are less readily impacted by omission schedules than are goal-tracking 

responses: orienting responses to a predictive stimulus are unaffected but magazine 
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approaches are suppressed (Holland, 1977; Holland, 1979).  Because sign-tracking is 

particularly sensitive to the CS – a property of Pavlovian responses – and because sign-tracking 

responses are not affected my omission schedules, a parsimonious conclusion might be that 

goal-tracking is partly instrumental, while sign-tracking is purely Pavlovian.  Evidence indicating 

sign-tracking is an incentive salience attribution response is largely derived from its relationship 

with dopamine, its correlation with other putatively incentive salience attribution-related 

behaviors, and its presentation as a vigorous, compulsive cue-directed response.  However, the 

first is a reverse inference, the second circumstantial and dependent upon assumptions about 

several other behaviors, and the third is face validity only.  Consequently, the basic behavioral 

results of Holland – which rely upon few assumptions –could be considered at least as 

compelling as the incentive salience perspective of sign-tracking and goal-tracking behavior. 

Implications for other processes previously thought to be dependent upon NMDA receptors in 

dopamine neurons  

In addition to Pavlovian approach, other phenotypes that were thought of as requiring NMDA 

receptors in dopamine neurons, such as sensitization to psychostimulants (Kalivas and 

Alesdatter, 1993; Wolf et al., 1994; Wolf, 1998; Vanderschuren and Kalivas, 2000), have also 

turned out to be possible in their absence (Zweifel et al., 2008; Beutler et al., 2011; Luo et al., 

2011).  Given that the degree of NMDA receptor dependent plasticity (i.e., AMPA/NMDA ratio) 

induced by drugs of abuse correlates with the magnitude behavioral sensitization observed 

(Ungless et al., 2001; Borgland et al., 2004), and that it is expressed selectively during periods 

of active learning in Pavlovian conditioning (Stuber et al., 2008), these results are especially 

confounding.  

Though these phenomena are associated with heighted dopamine outflow (Kalivas and Duffy, 

1993; Stewart and Badiani, 1993; Harmer and Phillips, 1999; Venton et al., 2006; Stuber et al., 
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2008; Addy et al., 2010), cellular recordings have frequently used electrophysiological profiles or 

immunocytochemistry to identify dopamine neurons, and the reliability of both methods has 

been the subject of significant controversy (Borgland et al., 2006; Margolis et al., 2006; Margolis 

et al., 2010; Zhang et al., 2010).  However, genetics methods have made it  clear that this form 

of plasticity does, in fact, occur in mesencephalon dopamine neurons: it can be induced by 

selective activation of dopamine neurons (Brown et al., 2010) and when NMDA receptors on 

dopamine cells are eliminated (Engblom et al., 2008; Zweifel et al., 2008; Luo et al., 2011). 

Consequently, failure to detect anticipated behavioral effects in the DATcre;NR1 mouse is 

unlikely to be explained by misidentified neurons in prior studies.   

It is indeed possible that NMDA-related synaptic plasticity in dopamine neurons plays no role in 

Pavlovian learning and sensitization, or that its role is quickly compensated for after its loss.  

Both GABAergic and glutamatergic neurons are found within the VTA and substantia nigra pars 

compacta (Mugnaini and W.H., 1985; Lacey et al., 1989; Olson and Nestler, 2007; Yamaguchi 

et al., 2007); the finding that an NMDA antagonist delivered to the VTA of the DATcre mouse 

inhibits sensitization supports their involvement in functions previously ascribed to dopamine 

neurons (Luo et al., 2011).   Alternatively, there is evidence that NMDA receptors in more distal 

nuclei carry out these functions: NMDA receptor activity in dopamine receptor expressing 

medium spiny neurons of the striatum and in VTA afferents arising from the prefrontal cortex 

have been implicated in sensitization and Pavlovian approach conditioning as well (Beutler et 

al., 2011; Parker et al., 2011a)  

Design of cre-loxP and other transgenic mouse studies 

‘Because we included animals with and without cre recombinase and with one or two floxed 

alleles, we were able to observe statistical interactions between cre genotype and floxed 

genotype. This strategy lends increased confidence that the results presented here are the 
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result of dopamine neuron NR1 gene excision, rather than a non-specific flanking gene or 

background artifact of mouse transgenic techniques (Wolfer et al., 2002; Crusio, 2004a).  

Notably, these factors are especially significant for studies utilizing the NR1flox/flox mouse, which 

was created using homologous recombination in 129S4/SvJae strain embryonic stem cells 

(Tsien et al., 1996b; Tsien et al., 1996a), followed by a moderate level of backcrossing to a 

C57Bl/6N background.  Further, because the NR1flox/flox mouse is often maintained by 

homozygote-to-homozygote breeding (Jackson Laboratories), its background remains diverged 

from the traditional C57Bl/6J reference background.  And this background difference is quite 

significant: C57Bl/6J and C57Bl/6N mice, though highly related, have shown marked phenotypic 

differences.   For example, a study of between 700 and 2,200 mice found significant differences 

in  locomotor behavior, elevated plus maze behavior, social interaction, pre-pulse inhibition, 

forced swim, and spatial working memory (Matsuo et al., 2010); C57Bl/6J mice are the 

canonical ‘alcohol preferring’ strain, but C57Bl/6N mice do not express this trait (Blum et al., 

1982), and they differ in susceptibility to diet-induced obesity (Nicholson et al., 2010), behavioral 

response to phencyclidine (Mouri et al., 2012).  A recent study carried out by four centers that 

comprise the European Mouse Disease Clinic found so many phenotypic differences that they 

cannot be listed here (Simon et al., 2013). These important factors render transgenic mouse 

studies – and in particular, behavioral studies – less conclusive than they might otherwise be.     

Furthermore, confounds of linked genes flanking the mutated allele and interactions with 

background are, in fact, quite significant: examples of both effects are found throughout the 

literature (Wade, 1987; Le Roy et al., 2000; Spyropoulos et al., 2003; Chen et al., 2004; Pekarik 

and Izpisua Belmonte, 2008).  Phenotypic differences between donor and host strains are large 

and many (Belknap et al., 1992; Hitzemann et al., 1998; Reed et al., 2003; Ghazalpour et al., 

2012).   And even after 12 generations, 1% of the donor strain’s genes remain linked (Gerlai, 

1996) – such a significant proportion of the genome that knockout mice themselves have been 
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used for identification of quantitative trait loci (Bolivar et al., 2001; Crusio, 2004a).  In fact, 

examples have been identified wherein a single additional backcross completely eliminated a 

knockout mouse phenotype completely (Geurts et al., 2011).  As such, wherever possible, 

reducing the likelihood of these confounding factors influencing results – whether by using 

different control strains or multiple backgrounds (Wolfer et al., 2002), using embryonic stem 

cells from the anticipated host strain (Backman et al., 2006), various inducible methods (Baron 

and Bujard, 2000).  In that sense, the 2 x 2 cre/flox genotype design employed here is 

especially significant. 

Mouse systems genetics as a tool for understanding reward-related learning 

We are aware of only three studies that have performed a genome-wide scan for appetitive 

instrumental conditioning.  One used recombinant inbred mice to locate a QTL for response-

inhibition components of flexible instrumental responding under reversal learning conditions 

(Laughlin et al., 2011), and another identified a QTL for appetitively-reinforced sustained 

attentional performance (Loos et al., 2012).  The third, also involving recombinant inbred mice, 

focused on different components of acquisition of an instrumental response; this study found 

suggestive QTLs for food magazine-directed exploratory behavior and for a chained 

instrumental response (Malkki et al., 2010).   

Clearly,  more work is needed to extract from the very dense dataset acquired here as much 

insight into the genetic basis of appetitive instrumental learning – both the learning and 

motivational aspects of sucrose seeking – but we have laid out the groundwork for these 

analyses.  In doing so, we have shown that variation in whether an animal engages in 

instrumental behavior, and variation in the degree to which it performs an instrumental 

responding for sucrose response – that is, quantitative variation in instrumental behavior – have 

heritable components and identified genetic loci that underlie them.   
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Systems genetics tools used in this study were effectively prioritized genes within identified QTL 

for future causal studies.  In particular, weighted gene co-expression network analysis yielded 

significant insights.  This technique parses patterns of correlated gene expression, assigning 

them into different modules on the basis of collective coexpression.  By leveraging the finding 

that co-expressed genes tend to perform similar biological functions (Wolfe et al., 2005), this 

‘guilt-by-association’ phenomenon aids making inferences regarding poorly characterized 

genes.  That is, on the basis of what is known about genes with which it is co-expressed, a 

functional role for a poorly characterized gene can be surmised. 

This, in combination with integrating trait data and gene ontology tools into the network analysis, 

and a can provide insight into the functions of genes that relate to a phenotype of interest and 

yield inferences regarding the mechanisms by which particular genes or sets of genes impact 

the phenotype, and offer an empirical mechanism for escalate genes within a QTL for causal 

studies.  The analysis offers a particularly compelling balance of hypothesis-free approach and 

literature-based ontology approaches.   For example, by investigating how the network analysis 

treats genes which are known to relate to your trait, it can lend confidence to your phenotyping 

effort.  Meanwhile, the wealth of information produced can act as a hypothesis generating tool 

for new avenues of research.    

Much more work is needed to fully integrate our gene co-expression network data with our 

GWAS data.  Moreover, the gene modules themselves – those that relate strongly to 

instrumental behavior – deserve further investigation.   Among the over 4,000 genes within the 

turquoise module for which there exists a significant correlation between the gene’s expression 

and instrumental behavior, are a set of genes well known to most neuroscientists, many of 

which have been directly implicated in learning and memory, along with motivation and reward 

seeking:    
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 Gria2, Gria 3, Gria 5 

 Kainate receptor 5 

 Glycine receptor 

 GABAA-beta1 

 GABA-B, 1 

 HDAC4, HDAC6 

 5HT1B receptor 

 Adenosine kinase 

 alpha-synuclein 

 beta arrestin 1 

 Many prominent protein phosphatases and phosphodiesterases 

 Many map-kinase genes 

 Many potassium channel genes, shaker and otherwise 

 Gpr6  

 Pdyn 

 Adenosine 2a receptor 

 ACh vesicule transporter 

 N-acetyltransferase 

 Many PKC pathway genes - PLC, phosphatidylinostitol transfer genes, 

 pleckstrin homology domain genes 

 Many DNA and RNA polymerase genes 

 synaptotoagmin 

 RasGEF, RhoGEF 

 DRD4 

 NF1 

 Dysbindin-related genes, 4 other major schizophrenia risk genes 

 

Their documented role in reward-related learning and memory (Handelmann et al., 1989; 

Nakagawa et al., 1993; Silva et al., 1997; Selcher et al., 1999; Selcher et al., 2001; Chen et al., 

2002; Mazzucchelli et al., 2002; Keith et al., 2003; Mead and Stephens, 2003; James et al., 

2007; Lobo et al., 2007; Deng et al., 2009; Fontinha et al., 2009; Jentsch et al., 2009; Lasarge 
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et al., 2009; Wiltgen et al., 2009; Zyablitseva et al., 2009; Keri et al., 2010; Shilyansky et al., 

2010; Karlsgodt et al., 2011; Ujike et al., 2011; Wei et al., 2011; Facciolo et al., 2012; Miszkiel et 

al., 2012; Singer et al., 2013; Glen et al., 2014) at once lends credibility to the modules 

identified, and bridges the data gathered using the Hybrid Mouse Diversity Panel to the data 

gathered with the DATcre mouse; see, for example, Parker et al. (2011b).   

And perhaps of particular interest to behavioral neuroscientists, gene co-expression analysis 

can offer insight into the relationship between different dependent measures acquired from 

behavioral assays.  By logical extension of the guilt-by-association principle to the level of 

behavior, there is a significant opportunity to gather new insight these behaviors, arising from a 

new level of analysis.  For example, behaviors which relate to overlapping gene co-expression 

modules might be considered components of a singular (or similar) biobehavioral construct 

(constructs), while those that are not are conferred some degree of orthogonality.  These 

inferences flow naturally from the principle components methodology that extracts module 

eigengenes, capturing maximal variance by harnessing the mathematics of orthogonal 

constraints.   

By permitting the discovery of the genes and modules of co-expressed genes that underlie two 

behaviors, these techniques offer the possibility of significant insight into what neural processes 

link them.  Moreover, the impact of research coming from multiple sources could be maximized. 

For example, one might study an appetitive incentive motivational process, someone else a 

measure of impulsivity, a third group stimulus-evoked dopamine transients; because the data 

are gathered from isogenic, inbred mice, they can be pooled, and together used to understand 

the overlapping and non-overlapping components of the transcriptome. These data might then 

be utilized by an investigator who studies variation in self-administration of drugs of abuse, in 

order to establish, empirically, the behavioral constructs that do relate to propensity for drug 

addiction, and distinguish them from the correlations that are only spurious.  The result may be 
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a diminished reliance upon face validity of pre-clinical measures, and importantly, significant 

insight into the underlying neurobiology – the gene networks – shared between drug self-

administration and the construct-valid behavioral processes that predict drug taking.   

 

Genomics as phenotype construct interrogation tool 

The segregating, categorizing, and clustering of different forms of learning and motivational 

processes has long been a cornerstone of research in the field of behaviorism (Thorndike, 1911; 

Pavlov and Anrep, 1927; Hull, 1943; Estes, 1948; Rescorla and Solomon, 1967; Bindra, 1974; 

Bolles, 1975; Dickinson, 1980; Holland, 1984; Toates, 1986).  An important framework of 

conceptually distinct behavioral processes (e.g., associative and non-associative learning, 

Pavlovian responses and instrumental responses) emerged from this work, which in many 

ways, set the stage for the wave of neuroscience studies of behavior that followed.  That is to 

say, many of the most important insights offered by behavioral neuroscience are discoveries of 

the neural bases of the constructs outlined by behaviorists, or variants thereof, even as 

methodology sophistication grows exponentially (Lashley, 1950; Kandel, 1976; McCormick and 

Thompson, 1984; Tsien et al., 1996a; Schultz et al., 1997; Silva et al., 1998; Fendt and 

Fanselow, 1999; Bi and Poo, 2001; Cardinal et al., 2002; Kelley, 2004; Malenka and Bear, 

2004; Yin et al., 2004; Steinberg et al., 2013). 

There are multiple avenues towards establishing construct validity of behavioral measures, such 

as meta-analytic principle components analysis, which orthoganalizes putative construct 

components or factor analysis to extract latent constructs; both can facilitate the discernment of 

phenotypes that are measures of the same construct and phenotypes that are measures of 

distinct constructs (Clark and Watson, 1995; Sharma et al., 2014). Amongst the varied sources 
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of evidence for establishing construct validity is that of gathering systems-biological evidence 

that there indeed exists a biological basis for the construct.   

Stemming from melding systems genetics tools with combined behavioral traits data is the 

possibility of a significant new mechanism for the generation of multi-tiered, convergent 

evidence in behavioral neuroscience research.  Therefore, further analysis of the genomics, 

transcriptomics, and behavioral data acquire will be undertaken, in an effort to yield a more 

nuanced understanding of the genetic landscape of reward-seeking, in addition to its 

exploratory, learning, and motivational subcomponents.  Often, these components have been 

considered orthogonal: learning and motivation measures uncorrelated, as in Galllistel et al 

2004, or neurotransmitters are thought of as being related to one but not the other, as in 

perspectives on dopamine activity during prediction error learning versus incentive motivational 

processes. The degree to which they do and or do not overlap, with respect to  genome  QTL 

and to gene co-expression modules, will offer a new basis for assessing the construct validity of 

processes that at times have been considered orthogonal  -- at a construct level – but do clearly 

interact in the  ultimate presentation of reward-seeking behavior. 

Here, we utilized systems genetics to implement this strategy, by highlighting the relationship 

between a measure of learning and a measure of asymptotic behavior,   These are commonly 

thought of as being distinct; the slope of the learning curve has been considered independent of 

the final rate of behavioral output, and their independence has been explicit conclusion of a 

review of appetitive learning in rodents (Pubols, 1960).  Asymptotic rate of behavior is 

manipulable by changing the incentive value of the unconditional stimulus: the degree to which 

the US supports responding is considered related to its magnitude.  Indeed, level of conditioning 

supported by a US is an entirely separate term from learning rate parameters in classical 

models of learning (Rescorla and Wagner, 1972).  
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In the context of the Hybrid Mouse Diversity Panel experiment, because all animals received the 

same US magnitude, strain differences in asymptotic responding may be better thought of as 

differences in incentive motivation instilled by the reward that are driven by genetic differences. 

In contrast to commonly held perspectives regarding learning and motivation (or level of 

conditioning supportable by the US), here we provide genetic and transcriptome-based 

evidence that these processes may reflect a common construct.   

Certainly, this line of argumentation is not meant to indicate that they are the same thing; many 

behavioral experiments elegantly dissociate reward- or punishment-based learning rate from 

asymptotic conditional responding.  However, we do make the argument that they may have a 

common neurobiological basis – at the level of the genome and the level of gene transcription.   

Interestingly, this brings the dissertation full circle: the debate surrounding dopamine’s role in 

reward-related learning is exactly this.  That is, learning rate and asymptotic motivational 

processes effectively map on to the prediction error and incentive salience perspectives of 

dopamine’s role in learning.  Some have argued it has no effect on learning – that it only scales 

motivational processes –  as evidenced by rates of behavior in DAT knockout mice, for example 

(Pecina et al., 2003; Cagniard et al., 2006; Yin et al., 2006b).   Others have convincingly shown 

dopamine signaling reflects a prediction error process in learning, and does have a causal role 

in learning itself (Schultz et al., 1997; Adamantidis et al., 2011b; Witten et al., 2011b; Kim et al., 

2012; Steinberg et al., 2013)   And ultimately, the data from the DATcre experiments are most 

consistent with a conclusion somewhere in the middle: phasic dopamine release may not 

exclusively regulate incentive salience attribution, but its quantitative output does not always 

impact learning rate either.  The mixing of learning and motivation in the DATcre and Hybrid 

Mouse Diversity Panel experiments is something that certainly deserves further study, but here I 

offer a piece of conjecture:  it may be that at a behavioral level, one can dissociate learning 

processes from motivational or asymptotic conditioning supportable by manipulating parameters 
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such as US magnitude.   But the underlying neurobiology, the underlying genetics, the 

underlying gene transcription, may not in fact be as dissociable as these experiments would 

imply. 

 

 

Combined hypothesis-free and hypothesis-based research as an effective research strategy 

Hypothesis-free research, in a manner demonstrated here, can complement hypothesis-based 

research in behavioral neuroscience.  The example of the relationship between the behavioral, 

transcriptional, and genomic results of the HMDP chapter and the DATcre;NR1 chapter is a 

simple example of their interaction.  But in a broader sense, their direct combination has 

tremendous potential.  By understanding in greater depth what we do know about behavior and 

its implementation in the brain, hypothesis-based work yields strong conclusions about the role 

particular genes play in behavior.    Meanwhile, hypothesis-free research allows the flow of new 

data – genes, proteins, transcripts, intracellular processes, signaling pathways, and on and on – 

that would otherwise never have been considered in the study of a particular behavioral process 

to come to the forefront.  This influx of data acts as a hypothesis generating mechanism for 

further hypothesis-based research.  These approaches, then, work in harmony, and their 

synergy – if implemented effectively – has the power to yield tremendous gains in the field of 

neuroscience. 

 

 

 

 

 



122 
 

 

 

 

 

 

 

REFERENCES 

Aberman JE, Salamone JD (1999) Nucleus accumbens dopamine depletions make rats more 
sensitive to high ratio requirements but do not impair primary food reinforcement. 
Neuroscience 92:545-552. 

Adamantidis AR, Tsai HC, Boutrel B, Zhang F, Stuber GD, Budygin EA, Tourino C, Bonci A, 
Deisseroth K, de Lecea L (2011a) Optogenetic interrogation of dopaminergic modulation 
of the multiple phases of reward-seeking behavior. J Neurosci 31:10829-10835. 

Adamantidis AR, Tsai H-C, Boutrel B, Zhang F, Stuber GD, Budygin EA, Touriño C, Bonci A, 
Deisseroth K, de Lecea L (2011b) Optogenetic Interrogation of Dopaminergic Modulation 
of the Multiple Phases of Reward-Seeking Behavior. The Journal of Neuroscience 
31:10829-10835. 

Addy NA, Daberkow DP, Ford JN, Garris PA, Wightman RM (2010) Sensitization of rapid 
dopamine signaling in the nucleus accumbens core and shell after repeated cocaine in 
rats. J Neurophysiol 104:922-931. 

Ahn S, Phillips AG (2003) Independent modulation of basal and feeding-evoked dopamine efflux 
in the nucleus accumbens and medial prefrontal cortex by the central and basolateral 
amygdalar nuclei in the rat. Neuroscience 116:295-305. 

Albin RL, Young AB, Penney JB (1995) The functional anatomy of disorders of the basal 
ganglia. Trends Neurosci 18:63-64. 

Ambroggi F, Ishikawa A, Fields HL, Nicola SM (2008) Basolateral amygdala neurons facilitate 
reward-seeking behavior by exciting nucleus accumbens neurons. Neuron 59:648-661. 

Andrzejewski ME, Sadeghian K, Kelley AE (2004) Central amygdalar and dorsal striatal NMDA 
receptor involvement in instrumental learning and spontaneous behavior. Behav 
Neurosci 118:715-729. 

Andrzejewski ME, Spencer RC, Kelley AE (2005) Instrumental learning, but not performance, 
requires dopamine D1-receptor activation in the amygdala. Neuroscience 135:335-345. 

Apicella P, Scarnati E, Schultz W (1991) Tonically discharging neurons of monkey striatum 
respond to preparatory and rewarding stimuli. Exp Brain Res 84:672-675. 



123 
 

Backman CM, Malik N, Zhang Y, Shan L, Grinberg A, Hoffer BJ, Westphal H, Tomac AC (2006) 
Characterization of a mouse strain expressing Cre recombinase from the 3' untranslated 
region of the dopamine transporter locus. Genesis 44:383-390. 

Baldwin AE, Sadeghian K, Kelley AE (2002) Appetitive instrumental learning requires coincident 
activation of NMDA and dopamine D1 receptors within the medial prefrontal cortex. J 
Neurosci 22:1063-1071. 

Baldwin AE, Holahan MR, Sadeghian K, Kelley AE (2000) N-methyl-D-aspartate receptor-
dependent plasticity within a distributed corticostriatal network mediates appetitive 
instrumental learning. Behav Neurosci 114:84-98. 

Balleine B (1994) Asymmetrical interactions between thirst and hunger in pavlovian-instrumental 
transfer. The Quarterly Journal of Experimental Psychology Section B 47:211-231. 

Balleine BW (2005) Neural bases of food-seeking: Affect, arousal and reward in 
corticostriatolimbic circuits. Physiology & Behavior 86:717-730. 

Balleine BW, Dickinson A (1998) Goal-directed instrumental action: contingency and incentive 
learning and their cortical substrates. Neuropharmacology 37:407-419. 

Balleine BW, Killcross AS, Dickinson A (2003) The effect of lesions of the basolateral amygdala 
on instrumental conditioning. J Neurosci 23:666-675. 

Balleine BW, Delgado MR, Hikosaka O (2007) The role of the dorsal striatum in reward and 
decision-making. J Neurosci 27:8161-8165. 

Barbano MF, Cador M (2007) Opioids for hedonic experience and dopamine to get ready for it. 
Psychopharmacology (Berl) 191:497-506. 

Baron U, Bujard H (2000) Tet repressor-based system for regulated gene expression in 
eukaryotic cells: principles and advances. Methods in enzymology 327:401-421. 

Barrett JC, Fry B, Maller J, Daly MJ (2005) Haploview: analysis and visualization of LD and 
haplotype maps. Bioinformatics 21:263-265. 

Bean AJ, Roth RH (1991) Extracellular dopamine and neurotensin in rat prefrontal cortex in 
vivo: effects of median forebrain bundle stimulation frequency, stimulation pattern, and 
dopamine autoreceptors. J Neurosci 11:2694-2702. 

Belin D, Jonkman S, Dickinson A, Robbins TW, Everitt BJ (2009a) Parallel and interactive 
learning processes within the basal ganglia: Relevance for the understanding of 
addiction. Behavioural Brain Research 199:89-102. 

Belin D, Jonkman S, Dickinson A, Robbins TW, Everitt BJ (2009b) Parallel and interactive 
learning processes within the basal ganglia: relevance for the understanding of 
addiction. Behav Brain Res 199:89-102. 

Belknap JK, Crabbe JC, Plomin R, McClearn GE, Sampson KE, O'Toole LA, Gora-Maslak G 
(1992) Single-locus control of saccharin intake in BXD/Ty recombinant inbred (RI) mice: 
some methodological implications for RI strain analysis. Behav Genet 22:81-100. 

Beninger RJ, Miller R (1998) Dopamine D1-like receptors and reward-related incentive learning. 
Neurosci Biobehav Rev 22:335-345. 



124 
 

Bennett BJ et al. (2010) A high-resolution association mapping panel for the dissection of 
complex traits in mice. Genome Res 20:281-290. 

Berridge KC (2007) The debate over dopamine's role in reward: the case for incentive salience. 
Psychopharmacology (Berl) 191:391-431. 

Berridge KC, Valenstein ES (1991) What psychological process mediates feeding evoked by 
electrical stimulation of the lateral hypothalamus? Behav Neurosci 105:3-14. 

Berridge KC, Robinson TE (1998) What is the role of dopamine in reward: hedonic impact, 
reward learning, or incentive salience? Brain Research Reviews 28:309-369. 

Berridge KC, Aldridge JW (2008) Decision Utility, the Brain, and Pursuit of Hedonic Goals. Soc 
Cogn 26:621-646. 

Berridge KC, Venier IL, Robinson TE (1989) Taste reactivity analysis of 6-hydroxydopamine-
induced aphagia: implications for arousal and anhedonia hypotheses of dopamine 
function. Behav Neurosci 103:36-45. 

Berridge KC, Robinson TE, Aldridge JW (2009) Dissecting components of reward: 'liking', 
'wanting', and learning. Curr Opin Pharmacol 9:65-73. 

Beutler LR, Wanat MJ, Quintana A, Sanz E, Bamford NS, Zweifel LS, Palmiter RD (2011) 
Balanced NMDA receptor activity in dopamine D1 receptor (D1R)- and D2R-expressing 
medium spiny neurons is required for amphetamine sensitization. Proc Natl Acad Sci U 
S A 108:4206-4211. 

Bi G, Poo M (2001) Synaptic modification by correlated activity: Hebb's postulate revisited. Annu 
Rev Neurosci 24:139-166. 

Bindra D (1974) A motivational view of learning, performance, and behavior modification. 
Psychol Rev 81:199-213. 

Bindra D (1978) How adaptive behavior is produced: a perceptual-motivational alternative to 
response reinforcements. Behavioral and Brain Sciences 1:41. 

Bliss TV, Collingridge GL (1993) A synaptic model of memory: long-term potentiation in the 
hippocampus. Nature 361:31-39. 

Blum K, Briggs AH, DeLallo L, Elston SF, Ochoa R (1982) Whole brain methionine-enkephalin 
of ethanol-avoiding and ethanol-preferring c57BL mice. Experientia 38:1469-1470. 

Boakes R (1977) Performance on learning to associate a stimulus with positive reinforcement. 
In: Operant-Pavlovian interactions (Davis H, Hurwitz H, eds), pp 67-97. Hillsdale: 
Lawrence Erlbaum Associates. 

Bolivar VJ, Cook MN, Flaherty L (2001) Mapping of quantitative trait loci with knockout/congenic 
strains. Genome Res 11:1549-1552. 

Bolles RC (1972) Reinforcement, expectancy, and learning. Psychological Review 79:394-409. 

Bolles RC (1975) Theory of motivation, 2d Edition. New York: Harper & Row. 



125 
 

Bolles RC, Fanselow MS (1980) A perceptual-defensive-recuperative model of fear and pain. 
Behavioral and Brain Sciences 3:291-301. 

Borgland SL, Malenka RC, Bonci A (2004) Acute and chronic cocaine-induced potentiation of 
synaptic strength in the ventral tegmental area: electrophysiological and behavioral 
correlates in individual rats. J Neurosci 24:7482-7490. 

Borgland SL, Taha SA, Sarti F, Fields HL, Bonci A (2006) Orexin A in the VTA is critical for the 
induction of synaptic plasticity and behavioral sensitization to cocaine. Neuron 49:589-
601. 

Bourtchouladze R, Lidge R, Catapano R, Stanley J, Gossweiler S, Romashko D, Scott R, Tully 
T (2003) A mouse model of Rubinstein-Taybi syndrome: defective long-term memory is 
ameliorated by inhibitors of phosphodiesterase 4. Proc Natl Acad Sci U S A 100:10518-
10522. 

Bozarth MA (1987) Ventral tegmental reward system. In: Brain Reward Systems and Abuse 
(Oreland L, Engel J, eds), pp 1-17. New York: Raven Press. 

Bozarth MA (1994) Pleasure systems in the brain. In: Pleasure: The politics and the reality 
(Warburton DM, ed), pp 5-14. New York: John Wiley & Sons. 

Brigman JL, Feyder M, Saksida LM, Bussey TJ, Mishina M, Holmes A (2008) Impaired 
discrimination learning in mice lacking the NMDA receptor NR2A subunit. Learn Mem 
15:50-54. 

Brischoux F, Chakraborty S, Brierley DI, Ungless MA (2009) Phasic excitation of dopamine 
neurons in ventral VTA by noxious stimuli. Proc Natl Acad Sci U S A 106:4894-4899. 

Bromberg-Martin ES, Matsumoto M, Hikosaka O (2010) Dopamine in motivational control: 
rewarding, aversive, and alerting. Neuron 68:815-834. 

Brown MT, Bellone C, Mameli M, Labouebe G, Bocklisch C, Balland B, Dahan L, Lujan R, 
Deisseroth K, Luscher C (2010) Drug-driven AMPA receptor redistribution mimicked by 
selective dopamine neuron stimulation. PloS one 5:e15870. 

Burke KA, Franz TM, Miller DN, Schoenbaum G (2008) The role of the orbitofrontal cortex in the 
pursuit of happiness and more specific rewards. Nature 454:340-344. 

Burns LH, Everitt BJ, Robbins TW (1994) Intra-amygdala infusion of the N-methyl-D-aspartate 
receptor antagonist AP5 impairs acquisition but not performance of discriminated 
approach to an appetitive CS. Behav Neural Biol 61:242-250. 

Cador M, Robbins TW, Everitt BJ (1989) Involvement of the amygdala in stimulus-reward 
associations: interaction with the ventral striatum. Neuroscience 30:77-86. 

Cagniard B, Beeler JA, Britt JP, McGehee DS, Marinelli M, Zhuang X (2006) Dopamine scales 
performance in the absence of new learning. Neuron 51:541-547. 

Cannon CM, Palmiter RD (2003) Reward without dopamine. J Neurosci 23:10827-10831. 

Cardinal RN, Parkinson JA, Hall J, Everitt BJ (2002) Emotion and motivation: the role of the 
amygdala, ventral striatum, and prefrontal cortex. Neurosci Biobehav Rev 26:321-352. 



126 
 

Chen PE, Specht CG, Morris RG, Schoepfer R (2002) Spatial learning is unimpaired in mice 
containing a deletion of the alpha-synuclein locus. Eur J Neurosci 16:154-158. 

Chen S, Kadomatsu K, Kondo M, Toyama Y, Toshimori K, Ueno S, Miyake Y, Muramatsu T 
(2004) Effects of flanking genes on the phenotypes of mice deficient in basigin/CD147. 
Biochemical and biophysical research communications 324:147-153. 

Cheng J, Feenstra MGP (2006) Individual differences in dopamine efflux in nucleus accumbens 
shell and core during instrumental learning. Learning & Memory 13:168-177. 

Chesler EJ (2014) Out of the bottleneck: the Diversity Outcross and Collaborative Cross mouse 
populations in behavioral genetics research. Mamm Genome 25:3-11. 

Choi WY, Balsam PD, Horvitz JC (2005) Extended habit training reduces dopamine mediation 
of appetitive response expression. J Neurosci 25:6729-6733. 

Churchill GA, Gatti DM, Munger SC, Svenson KL (2012) The Diversity Outbred mouse 
population. Mamm Genome 23:713-718. 

Churchill GA et al. (2004) The Collaborative Cross, a community resource for the genetic 
analysis of complex traits. Nat Genet 36:1133-1137. 

Clark JJ, Collins AL, Sanford CA, Phillips PE (2013) Dopamine encoding of Pavlovian incentive 
stimuli diminishes with extended training. J Neurosci 33:3526-3532. 

Clark JJ, Sandberg SG, Wanat MJ, Gan JO, Horne EA, Hart AS, Akers CA, Parker JG, Willuhn 
I, Martinez V, Evans SB, Stella N, Phillips PE (2010) Chronic microsensors for 
longitudinal, subsecond dopamine detection in behaving animals. Nat Methods 7:126-
129. 

Clark LA, Watson D (1995) Constructing validity: Basic issues in objective scale development. 
7:309-319. 

Cohen MX, Frank MJ (2009) Neurocomputational models of basal ganglia function in learning, 
memory and choice. Behav Brain Res 199:141-156. 

Colwill R, Motzkin D (1994) Encoding of the unconditioned stimulus in Pavlovian conditioning. 
Learning &amp; Behavior 22:384-394. 

Corbit LH, Balleine BW (2003) The role of prelimbic cortex in instrumental conditioning. Behav 
Brain Res 146:145-157. 

Corbit LH, Balleine BW (2005) Double Dissociation of Basolateral and Central Amygdala 
Lesions on the General and Outcome-Specific Forms of Pavlovian-Instrumental 
Transfer. The Journal of Neuroscience 25:962-970. 

Corbit LH, Janak PH (2010) Posterior dorsomedial striatum is critical for both selective 
instrumental and Pavlovian reward learning. Eur J Neurosci 31:1312-1321. 

Corbit LH, Muir JL, Balleine BW (2001) The Role of the Nucleus Accumbens in Instrumental 
Conditioning: Evidence of a Functional Dissociation between Accumbens Core and 
Shell. The Journal of Neuroscience 21:3251-3260. 



127 
 

Correa M, Carlson BB, Wisniecki A, Salamone JD (2002) Nucleus accumbens dopamine and 
work requirements on interval schedules. Behav Brain Res 137:179-187. 

Coutureau E, Killcross S (2003) Inactivation of the infralimbic prefrontal cortex reinstates goal-
directed responding in overtrained rats. Behav Brain Res 146:167-174. 

Crabbe J, Rigter H, Kerbusch S (1980) Genetic analysis of tolerance to ethanol hypothermia in 
recombinant inbred mice: Effect of desglycinamide(9)-Arginine(8)-vasopressin. Behavior 
Genetics 10:139-152. 

Crabbe JC, Kosobud A, Young ER, Janowsky JS (1983) Polygenic and single-gene 
determination of responses to ethanol in BXD/Ty recombinant inbred mouse strains. 
Neurobehavioral toxicology and teratology 5:181-187. 

Crow TJ (1976) Specific monoamine systems as reward pathways. In: Brain-stimulation reward 
(Wauquier A, Rolls ET, eds), pp 211–238. Amsterdam: North-Holland. 

Crusio WE (2004a) Flanking gene and genetic background problems in genetically manipulated 
mice. Biol Psychiatry 56:381-385. 

Crusio WE (2004b) A note on the effect of within-strain sample sizes on QTL mapping in 
recombinant inbred strain studies. Genes Brain Behav 3:249-251. 

Dalley JW, Chudasama Y, Theobald DE, Pettifer CL, Fletcher CM, Robbins TW (2002) Nucleus 
accumbens dopamine and discriminated approach learning: interactive effects of 6-
hydroxydopamine lesions and systemic apomorphine administration. 
Psychopharmacology (Berl) 161:425-433. 

Dalley JW, Laane K, Theobald DE, Armstrong HC, Corlett PR, Chudasama Y, Robbins TW 
(2005) Time-limited modulation of appetitive Pavlovian memory by D1 and NMDA 
receptors in the nucleus accumbens. Proc Natl Acad Sci U S A 102:6189-6194. 

Dauer W, Przedborski S (2003) Parkinson's disease: mechanisms and models. Neuron 39:889-
909. 

Day JJ, Roitman MF, Wightman RM, Carelli RM (2007) Associative learning mediates dynamic 
shifts in dopamine signaling in the nucleus accumbens. Nat Neurosci 10:1020-1028. 

de Borchgrave R, Rawlins JN, Dickinson A, Balleine BW (2002) Effects of cytotoxic nucleus 
accumbens lesions on instrumental conditioning in rats. Exp Brain Res 144:50-68. 

Delfs JM, Schreiber L, Kelley AE (1990) Microinjection of cocaine into the nucleus accumbens 
elicits locomotor activation in the rat. J Neurosci 10:303-310. 

Deng PY, Xiao Z, Yang C, Rojanathammanee L, Grisanti L, Watt J, Geiger JD, Liu R, Porter JE, 
Lei S (2009) GABA(B) receptor activation inhibits neuronal excitability and spatial 
learning in the entorhinal cortex by activating TREK-2 K+ channels. Neuron 63:230-243. 

Di Chiara G, Imperato A (1988) Drugs abused by humans preferentially increase synaptic 
dopamine concentrations in the mesolimbic system of freely moving rats. Proc Natl Acad 
Sci U S A 85:5274-5278. 



128 
 

Di Ciano P, Cardinal RN, Cowell RA, Little SJ, Everitt BJ (2001) Differential involvement of 
NMDA, AMPA/kainate, and dopamine receptors in the nucleus accumbens core in the 
acquisition and performance of pavlovian approach behavior. J Neurosci 21:9471-9477. 

Dickinson A (1980) Contemporary Animal Learning Thoery. New York, NY: Press Syndicate of 
the University of Cambridge. 

Dickinson A, Dawson GR (1987) Pavlovian processes in the motivational control of instrumental 
performance. Q J Exp Psychol 39B:201-213. 

Dickinson A, Mulatero CW (1989) Reinforcer specificity of the suppression of instrumental 
performance on a non-contingent schedule. Behavioural Processes 19:167-180. 

Dickinson A, Smith J, Mirenowicz J (2000) Dissociation of Pavlovian and instrumental incentive 
learning under dopamine antagonists. Behav Neurosci 114:468-483. 

Doremus-Fitzwater TL, Spear LP (2011) Amphetamine-induced incentive sensitization of sign-
tracking behavior in adolescent and adult female rats. Behav Neurosci. 

Dudai Y, Jan YN, Byers D, Quinn WG, Benzer S (1976) dunce, a mutant of Drosophila deficient 
in learning. Proc Natl Acad Sci U S A 73:1684-1688. 

Eleftheriou BE, Bailey DW, Denenberg VH (1974) Genetic analysis of fighting behavior in mice. 
Physiol Behav 13:773-777. 

Engblom D, Bilbao A, Sanchis-Segura C, Dahan L, Perreau-Lenz S, Balland B, Parkitna JR, 
Lujan R, Halbout B, Mameli M, Parlato R, Sprengel R, Luscher C, Schutz G, Spanagel R 
(2008) Glutamate receptors on dopamine neurons control the persistence of cocaine 
seeking. Neuron 59:497-508. 

Estes WK (1948) Discriminative conditioning. II. Effects of a Pavlovian conditioned stimulus 
upon a subsequently established operant response. Journal of Experimental Psychology 
38:173-177. 

Estes WK (1956) The problem of inference from curves based on group data. Psychological 
Bulletin 53:134-140. 

Everitt BJ, Robbins TW (2005) Neural systems of reinforcement for drug addiction: from actions 
to habits to compulsion. Nat Neurosci 8:1481-1489. 

Facciolo RM, Crudo M, Zizza M, Giusi G, Canonaco M (2012) alpha GABA(A) subunit-orexin 
receptor interactions activate learning/motivational pathways in the goldfish. Behav Brain 
Res 234:349-356. 

Fendt M, Fanselow MS (1999) The neuroanatomical and neurochemical basis of conditioned 
fear. Neurosci Biobehav Rev 23:743-760. 

Fiorillo CD, Tobler PN, Schultz W (2003) Discrete coding of reward probability and uncertainty 
by dopamine neurons. Science 299:1898-1902. 

Fitzpatrick CJ, Gopalakrishnan S, Cogan ES, Yager LM, Meyer PJ, Lovic V, Saunders BT, 
Parker CC, Gonzales NM, Aryee E, Flagel SB, Palmer AA, Robinson TE, Morrow JD 
(2013) Variation in the form of Pavlovian conditioned approach behavior among outbred 



129 
 

male Sprague-Dawley rats from different vendors and colonies: sign-tracking vs. goal-
tracking. PloS one 8:e75042. 

Flagel SB, Akil H, Robinson TE (2009) Individual differences in the attribution of incentive 
salience to reward-related cues: Implications for addiction. Neuropharmacology 56 Suppl 
1:139-148. 

Flagel SB, Watson SJ, Robinson TE, Akil H (2007) Individual differences in the propensity to 
approach signals vs goals promote different adaptations in the dopamine system of rats. 
Psychopharmacology (Berl) 191:599-607. 

Flagel SB, Robinson TE, Clark JJ, Clinton SM, Watson SJ, Seeman P, Phillips PE, Akil H 
(2010) An animal model of genetic vulnerability to behavioral disinhibition and 
responsiveness to reward-related cues: implications for addiction. 
Neuropsychopharmacology 35:388-400. 

Flagel SB, Clark JJ, Robinson TE, Mayo L, Czuj A, Willuhn I, Akers CA, Clinton SM, Phillips PE, 
Akil H (2011) A selective role for dopamine in stimulus-reward learning. Nature 469:53-
57. 

Flint J, Farber CR, Bennett BJ, Orozco L, Zou W, Lira A, Kostem E, Kang HM, Furlotte N, 
Berberyan A, Ghazalpour A, Suwanwela J, Drake TA, Eskin E, Wang QT, Teitelbaum 
SL, Lusis AJ (2011) Mouse Genome-Wide Association and Systems Genetics Identify 
Asxl2 As a Regulator of Bone Mineral Density and Osteoclastogenesis. PLoS Genetics 
7:e1002038. 

Fontinha BM, Delgado-Garcia JM, Madronal N, Ribeiro JA, Sebastiao AM, Gruart A (2009) 
Adenosine A(2A) receptor modulation of hippocampal CA3-CA1 synapse plasticity 
during associative learning in behaving mice. Neuropsychopharmacology 34:1865-1874. 

Forrest D, Yuzaki M, Soares HD, Ng L, Luk DC, Sheng M, Stewart CL, Morgan JI, Connor JA, 
Curran T (1994) Targeted disruption of NMDA receptor 1 gene abolishes NMDA 
response and results in neonatal death. Neuron 13:325-338. 

Frank MJ, Seeberger LC, O'Reilly R C (2004) By carrot or by stick: cognitive reinforcement 
learning in parkinsonism. Science 306:1940-1943. 

Fuller JL (1974) Single-locus control of saccharin preference in mice. J Hered 65:33-36. 

Gallistel CR, Davis AJ (1983) Affinity for the dopamine D2 receptor predicts neuroleptic potency 
in blocking the reinforcing effect of MFB stimulation. Pharmacol Biochem Behav 19:867-
872. 

Gallistel CR, Fairhurst S, Balsam P (2004) The learning curve: implications of a quantitative 
analysis. Proc Natl Acad Sci U S A 101:13124-13131. 

Gallistel CR, Gomita Y, Yadin E, Campbell KA (1985) Forebrain origins and terminations of the 
medial forebrain bundle metabolically activated by rewarding stimulation or by reward-
blocking doses of pimozide. J Neurosci 5:1246-1261. 

Gerlai R (1996) Gene-targeting studies of mammalian behavior: is it the mutation or the 
background genotype? Trends Neurosci 19:177-181. 



130 
 

Geurts N, Martens E, Verhenne S, Lays N, Thijs G, Magez S, Cauwe B, Li S, Heremans H, 
Opdenakker G, Van den Steen PE (2011) Insufficiently defined genetic background 
confounds phenotypes in transgenic studies as exemplified by malaria infection in Tlr9 
knockout mice. PloS one 6:e27131. 

Ghazalpour A et al. (2012) Hybrid mouse diversity panel: a panel of inbred mouse strains 
suitable for analysis of complex genetic traits. Mamm Genome 23:680-692. 

Glen WB, Jr., Horowitz B, Carlson GC, Cannon TD, Talbot K, Jentsch JD, Lavin A (2014) 
Dysbindin-1 loss compromises NMDAR-dependent synaptic plasticity and contextual 
fear conditioning. Hippocampus 24:204-213. 

Goldman D, Crabbe J (1986) Use of chromosomally mapped and identified mouse brain 
proteins for behavioral genetic analysis of alcoholism. Progress in Neuro-
Psychopharmacology and Biological Psychiatry 10:177-189. 

Gonon FG (1988) Nonlinear relationship between impulse flow and dopamine released by rat 
midbrain dopaminergic neurons as studied by in vivo electrochemistry. Neuroscience 
24:19-28. 

Gore BB, Zweifel LS (2013) Genetic reconstruction of dopamine D1 receptor signaling in the 
nucleus accumbens facilitates natural and drug reward responses. J Neurosci 33:8640-
8649. 

Grace AA, Bunney BS (1984a) The control of firing pattern in nigral dopamine neurons: single 
spike firing. J Neurosci 4:2866-2876. 

Grace AA, Bunney BS (1984b) The control of firing pattern in nigral dopamine neurons: burst 
firing. J Neurosci 4:2877-2890. 

Grace AA, Floresco SB, Goto Y, Lodge DJ (2007) Regulation of firing of dopaminergic neurons 
and control of goal-directed behaviors. Trends Neurosci 30:220-227. 

Graybiel AM (1995) Building action repertoires: memory and learning functions of the basal 
ganglia. Curr Opin Neurobiol 5:733-741. 

Groman SM, James AS, Jentsch JD (2009) Poor response inhibition: at the nexus between 
substance abuse and attention deficit/hyperactivity disorder. Neurosci Biobehav Rev 
33:690-698. 

Groman SM, Lee B, Seu E, James AS, Feiler K, Mandelkern MA, London ED, Jentsch JD 
(2012) Dysregulation of D(2)-mediated dopamine transmission in monkeys after chronic 
escalating methamphetamine exposure. J Neurosci 32:5843-5852. 

Groman SM, Lee B, London ED, Mandelkern MA, James AS, Feiler K, Rivera R, Dahlbom M, 
Sossi V, Vandervoort E, Jentsch JD (2011) Dorsal Striatal D2-Like Receptor Availability 
Covaries with Sensitivity to Positive Reinforcement during Discrimination Learning. J 
Neurosci 31:7291-7299. 

Haight JL, Flagel SB (2014) A potential role for the paraventricular nucleus of the thalamus in 
mediating individual variation in Pavlovian conditioned responses. Front Behav Neurosci 
8:79. 



131 
 

Hall J, Parkinson JA, Connor TM, Dickinson A, Everitt BJ (2001) Involvement of the central 
nucleus of the amygdala and nucleus accumbens core in mediating Pavlovian influences 
on instrumental behaviour. European Journal of Neuroscience 13:1984-1992. 

Hammond LJ (1980) The effect of contingency upon the appetitive conditioning of free-operant 
behavior. J Exp Anal Behav 34:297-304. 

Handelmann GE, Nevins ME, Mueller LL, Arnolde SM, Cordi AA (1989) Milacemide, a glycine 
prodrug, enhances performance of learning tasks in normal and amnestic rodents. 
Pharmacol Biochem Behav 34:823-828. 

Harmer CJ, Phillips GD (1998) Enhanced appetitive conditioning following repeated 
pretreatment with d-amphetamine. Behav Pharmacol 9:299-308. 

Harmer CJ, Phillips GD (1999) Enhanced dopamine efflux in the amygdala by a predictive, but 
not a non-predictive, stimulus: facilitation by prior repeated d-amphetamine. 
Neuroscience 90:119-130. 

Harris JA, Andrew BJ, Kwok DW (2013) Magazine approach during a signal for food depends 
on Pavlovian, not instrumental, conditioning. J Exp Psychol Anim Behav Process 
39:107-116. 

Hatfield T, Han J-S, Conley M, Gallagher M, Holland P (1996) Neurotoxic Lesions of 
Basolateral, But Not Central, Amygdala Interfere with Pavlovian Second-Order 
Conditioning and Reinforcer Devaluation Effects. The Journal of Neuroscience 16:5256-
5265. 

Hearst E, Jenkins HM (1974) Sign-tracking: the stimulus-reinforcer relation and directed action. 
Austin, TX.: Monograph of the Psychonomic Society. 

Helgason A, Yngvadottir B, Hrafnkelsson B, Gulcher J, Stefansson K (2005) An Icelandic 
example of the impact of population structure on association studies. Nat Genet 37:90-
95. 

Hernandez L, Hoebel BG (1988) Food reward and cocaine increase extracellular dopamine in 
the nucleus accumbens as measured by microdialysis. Life Sci 42:1705-1712. 

Hitzemann R, Cipp L, Demarest K, Mahjubi E, McCaughran J, Jr. (1998) Genetics of ethanol-
induced locomotor activation: detection of QTLs in a C57BL/6J x DBA/2J F2 intercross. 
Mamm Genome 9:956-962. 

Hnasko TS, Sotak BN, Palmiter RD (2005) Morphine reward in dopamine-deficient mice. Nature 
438:854-857. 

Holland PC (1977) Conditioned stimulus as a determinant of the form of the Pavlovian 
conditioned response. Journal of Experimental Psychology: Animal Behavior Processes 
3:77-104. 

Holland PC (1979) Differential effects of omission contingencies on various components of 
Pavlovian appetitive conditioned responding in rats. J Exp Psychol Anim Behav Process 
5:178-193. 

Holland PC (1980) CS-US interval as a determinant of the form of Pavlovian appetitive 
conditioned responses. J Exp Psychol Anim Behav Process 6:155-174. 



132 
 

Holland PC (1984) The origins of Pavlovian conditioned behavior. In: The Psychology of 
Learning and Motivation (Bower G, ed), pp 129-173. 

Hollerman JR, Schultz W (1998) Dopamine neurons report an error in the temporal prediction of 
reward during learning. Nat Neurosci 1:304-309. 

Horvitz JC (2000) Mesolimbocortical and nigrostriatal dopamine responses to salient non-
reward events. Neuroscience 96:651-656. 

Horvitz JC (2009) Stimulus-response and response-outcome learning mechanisms in the 
striatum. Behav Brain Res 199:129-140. 

Huang da W, Sherman BT, Lempicki RA (2009a) Bioinformatics enrichment tools: paths toward 
the comprehensive functional analysis of large gene lists. Nucleic Acids Res 37:1-13. 

Huang da W, Sherman BT, Lempicki RA (2009b) Systematic and integrative analysis of large 
gene lists using DAVID bioinformatics resources. Nat Protoc 4:44-57. 

Hull CL (1943) Principles of behavior, an introduction to behavior theory. New York,: D. 
Appleton-Century Company. 

Hyland BI, Reynolds JN, Hay J, Perk CG, Miller R (2002) Firing modes of midbrain dopamine 
cells in the freely moving rat. Neuroscience 114:475-492. 

James AS, Groman SM, Seu E, Jorgensen M, Fairbanks LA, Jentsch JD (2007) Dimensions of 
impulsivity are associated with poor spatial working memory performance in monkeys. J 
Neurosci 27:14358-14364. 

Jenkins HM, Moore BR (1973) The form of the auto-shaped response with food or water 
reinforcers. J Exp Anal Behav 20:163-181. 

Jentsch JD, Tran A, Le D, Youngren KD, Roth RH (1997) Subchronic phencyclidine 
administration reduces mesoprefrontal dopamine utilization and impairs prefrontal 
cortical-dependent cognition in the rat. Neuropsychopharmacology 17:92-99. 

Jentsch JD, Trantham-Davidson H, Jairl C, Tinsley M, Cannon TD, Lavin A (2009) Dysbindin 
modulates prefrontal cortical glutamatergic circuits and working memory function in 
mice. Neuropsychopharmacology 34:2601-2608. 

Jones JL, Day JJ, Aragona BJ, Wheeler RA, Wightman RM, Carelli RM (2010) Basolateral 
amygdala modulates terminal dopamine release in the nucleus accumbens and 
conditioned responding. Biol Psychiatry 67:737-744. 

Kalivas PW, Duffy P (1993) Time course of extracellular dopamine and behavioral sensitization 
to cocaine. I. Dopamine axon terminals. J Neurosci 13:266-275. 

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. 

Kamin LJ (1969) Selective association and conditioning. In: Fundamental Issues in Instrumental 
Learning (Mackintosh NJ, Honig WK, eds), pp 42-64. Dalhousie: Dalhousie University 
Press. 



133 
 

Kandel ER (1976) Cellular basis of behavior: An introduction to behavioral neurobiology. 

Kandel ER (2001) The Molecular Biology of Memory Storage: A Dialogue Between Genes and 
Synapses. Science 294:1030-1038. 

Kang HM, Zaitlen NA, Wade CM, Kirby A, Heckerman D, Daly MJ, Eskin E (2008) Efficient 
control of population structure in model organism association mapping. Genetics 
178:1709-1723. 

Kang HM, Sul JH, Service SK, Zaitlen NA, Kong SY, Freimer NB, Sabatti C, Eskin E (2010) 
Variance component model to account for sample structure in genome-wide association 
studies. Nat Genet 42:348-354. 

Karlsgodt KH, Robleto K, Trantham-Davidson H, Jairl C, Cannon TD, Lavin A, Jentsch JD 
(2011) Reduced dysbindin expression mediates N-methyl-D-aspartate receptor 
hypofunction and impaired working memory performance. Biol Psychiatry 69:28-34. 

Keith JR, Pitts RC, Pezzuti T, Galizio M (2003) Effects of positive GABA(A) modulators on a 
multiple-component, repeated-acquisition test of spatial learning. Behav Pharmacol 
14:67-75. 

Kelley AE (2004) Ventral striatal control of appetitive motivation: role in ingestive behavior and 
reward-related learning. Neurosci Biobehav Rev 27:765-776. 

Kelley AE, Smith-Roe SL, Holahan MR (1997) Response-reinforcement learning is dependent 
on N-methyl-D-aspartate receptor activation in the nucleus accumbens core. Proc Natl 
Acad Sci U S A 94:12174-12179. 

Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, Haussler, David (2002) 
The Human Genome Browser at UCSC. Genome Research 12:996-1006. 

Keri S, Moustafa AA, Myers CE, Benedek G, Gluck MA (2010) {alpha}-Synuclein gene 
duplication impairs reward learning. Proc Natl Acad Sci U S A 107:15992-15994. 

Killeen PR (2003) Complex dynamic processes in sign tracking with an omission contingency 
(negative automaintenance). J Exp Psychol Anim Behav Process 29:49-61. 

Kilpatrick MR, Rooney MB, Michael DJ, Wightman RM (2000) Extracellular dopamine dynamics 
in rat caudate-putamen during experimenter-delivered and intracranial self-stimulation. 
Neuroscience 96:697-706. 

Kim KM, Baratta MV, Yang A, Lee D, Boyden ES, Fiorillo CD (2012) Optogenetic Mimicry of the 
Transient Activation of Dopamine Neurons by Natural Reward Is Sufficient for Operant 
Reinforcement. PloS one 7:e33612. 

Koksal F, Domjan M, Kurt A, Sertel O, Orung S, Bowers R, Kumru G (2004) An animal model of 
fetishism. Behaviour research and therapy 42:1421-1434. 

Koob GF, Le Moal M (2001) Drug addiction, dysregulation of reward, and allostasis. 
Neuropsychopharmacology 24:97-129. 

Krueger DD, Bear MF (2011) Toward fulfilling the promise of molecular medicine in fragile X 
syndrome. Annu Rev Med 62:411-429. 



134 
 

Kushner SA, Elgersma Y, Murphy GG, Jaarsma D, van Woerden GM, Hojjati MR, Cui Y, 
LeBoutillier JC, Marrone DF, Choi ES, De Zeeuw CI, Petit TL, Pozzo-Miller L, Silva AJ 
(2005) Modulation of presynaptic plasticity and learning by the H-ras/extracellular signal-
regulated kinase/synapsin I signaling pathway. J Neurosci 25:9721-9734. 

Lacey MG, Mercuri NB, North RA (1989) Two cell types in rat substantia nigra zona compacta 
distinguished by membrane properties and the actions of dopamine and opioids. J 
Neurosci 9:1233-1241. 

Lammel S, Ion DI, Roeper J, Malenka RC (2011) Projection-specific modulation of dopamine 
neuron synapses by aversive and rewarding stimuli. Neuron 70:855-862. 

Langfelder P, Horvath S (2008) WGCNA: an R package for weighted correlation network 
analysis. BMC Bioinformatics 9:559. 

Langfelder P, Zhang B, Horvath S (2008) Defining clusters from a hierarchical cluster tree: the 
Dynamic Tree Cut package for R. Bioinformatics 24:719-720. 

Lasarge CL, Banuelos C, Mayse JD, Bizon JL (2009) Blockade of GABA(B) receptors 
completely reverses age-related learning impairment. Neuroscience 164:941-947. 

Lashley KS (1942) An examination of the "continuity theory" as applied to discriminative 
learning. Journal of General Psychology 26:241-265. 

Lashley KS (1950) In search of the engram. In, 454-482 Edition, p 30. 

Laughlin RE, Grant TL, Williams RW, Jentsch JD (2011) Genetic dissection of behavioral 
flexibility: reversal learning in mice. Biol Psychiatry 69:1109-1116. 

Le Roy I, Pothion S, Mortaud S, Chabert C, Nicolas L, Cherfouh A, Roubertoux PL (2000) Loss 
of aggression, after transfer onto a C57BL/6J background, in mice carrying a targeted 
disruption of the neuronal nitric oxide synthase gene. Behav Genet 30:367-373. 

Lett BT (1989) Repeated exposures intensify rather than diminish the rewarding effects of 
amphetamine, morphine, and cocaine. Psychopharmacology (Berl) 98:357-362. 

Lippert C, Listgarten J, Liu Y, Kadie CM, Davidson RI, Heckerman D (2011) FaST linear mixed 
models for genome-wide association studies. Nat Methods 8:833-835. 

Listgarten J, Lippert C, Kadie CM, Davidson RI, Eskin E, Heckerman D (2012) Improved linear 
mixed models for genome-wide association studies. Nat Methods 9:525-526. 

Ljungberg T, Apicella P, Schultz W (1992) Responses of monkey dopamine neurons during 
learning of behavioral reactions. J Neurophysiol 67:145-163. 

Lobo MK, Cui Y, Ostlund SB, Balleine BW, William Yang X (2007) Genetic control of 
instrumental conditioning by striatopallidal neuron-specific S1P receptor Gpr6. Nat 
Neurosci 10:1395-1397. 

Lomanowska AM, Lovic V, Rankine MJ, Mooney SJ, Robinson TE, Kraemer GW (2011) 
Inadequate early social experience increases the incentive salience of reward-related 
cues in adulthood. Behav Brain Res 220:91-99. 



135 
 

Loos M, Staal J, Pattij T, Neuro BMPC, Smit AB, Spijker S (2012) Independent genetic loci for 
sensorimotor gating and attentional performance in BXD recombinant inbred strains. 
Genes, Brain and Behavior 11:147-156. 

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein measurement with the Folin 
phenol reagent. J Biol Chem 193:265-275. 

Luo Y, Good CH, Diaz-Ruiz O, Zhang Y, Hoffman AF, Shan L, Kuang SY, Malik N, Chefer VI, 
Tomac AC, Lupica CR, Backman CM (2011) NMDA receptors on non-dopaminergic 
neurons in the VTA support cocaine sensitization. PloS one 5:e12141. 

Mackintosh NJ (1974) The psychology of animal learning. New York: London Academic Press. 

Mackintosh NJ (1983) Conditioning and associative learning. Oxford: Oxford University Press. 

Malenka RC, Bear MF (2004) LTP and LTD: An Embarrassment of Riches. Neuron 44:5-21. 

Malkki HA, Donga LA, de Groot SE, Battaglia FP, Pennartz CM (2010) Appetitive operant 
conditioning in mice: heritability and dissociability of training stages. Front Behav 
Neurosci 4:171. 

Margolis EB, Lock H, Hjelmstad GO, Fields HL (2006) The ventral tegmental area revisited: is 
there an electrophysiological marker for dopaminergic neurons? The Journal of 
physiology 577:907-924. 

Margolis EB, Coker AR, Driscoll JR, Lemaitre AI, Fields HL (2010) Reliability in the identification 
of midbrain dopamine neurons. PloS one 5:e15222. 

Martin-Soelch C, Linthicum J, Ernst M (2007) Appetitive conditioning: Neural bases and 
implications for psychopathology. Neuroscience & Biobehavioral Reviews 31:426-440. 

Matsumoto M, Hikosaka O (2009) Two types of dopamine neuron distinctly convey positive and 
negative motivational signals. Nature 459:837-841. 

Matsuo N, Takao K, Nakanishi K, Yamasaki N, Tanda K, Miyakawa T (2010) Behavioral profiles 
of three C57BL/6 substrains. Front Behav Neurosci 4:29. 

Mazzucchelli C, Vantaggiato C, Ciamei A, Fasano S, Pakhotin P, Krezel W, Welzl H, Wolfer DP, 
Pages G, Valverde O, Marowsky A, Porrazzo A, Orban PC, Maldonado R, Ehrengruber 
MU, Cestari V, Lipp HP, Chapman PF, Pouyssegur J, Brambilla R (2002) Knockout of 
ERK1 MAP kinase enhances synaptic plasticity in the striatum and facilitates striatal-
mediated learning and memory. Neuron 34:807-820. 

McClure SM, York MK, Montague PR (2004) The neural substrates of reward processing in 
humans: the modern role of FMRI. Neuroscientist 10:260-268. 

McCormick DA, Thompson RF (1984) Cerebellum: essential involvement in the classically 
conditioned eyelid response. Science 223:296-299. 

McHugh TJ, Blum KI, Tsien JZ, Tonegawa S, Wilson MA (1996) Impaired hippocampal 
representation of space in CA1-specific NMDAR1 knockout mice. Cell 87:1339-1349. 

Mead AN, Stephens DN (2003) Selective disruption of stimulus-reward learning in glutamate 
receptor gria1 knock-out mice. J Neurosci 23:1041-1048. 



136 
 

Meyer PJ, Lovic V, Saunders BT, Yager LM, Flagel SB, Morrow JD, Robinson TE (2012) 
Quantifying individual variation in the propensity to attribute incentive salience to reward 
cues. PloS one 7:e38987. 

Mingote S, Weber SM, Ishiwari K, Correa M, Salamone JD (2005) Ratio and time requirements 
on operant schedules: effort-related effects of nucleus accumbens dopamine depletions. 
Eur J Neurosci 21:1749-1757. 

Mirenowicz J, Schultz W (1994) Importance of unpredictability for reward responses in primate 
dopamine neurons. J Neurophysiol 72:1024-1027. 

Miszkiel J, Adamczyk P, Filip M, Przegalinski E (2012) The effect of serotonin 5HT1B receptor 
ligands on amphetamine self-administration in rats. Eur J Pharmacol 677:111-115. 

Morice E, Andreae LC, Cooke SF, Vanes L, Fisher EM, Tybulewicz VL, Bliss TV (2008) 
Preservation of long-term memory and synaptic plasticity despite short-term impairments 
in the Tc1 mouse model of Down syndrome. Learn Mem 15:492-500. 

Morris RG, Anderson E, Lynch GS, Baudry M (1986) Selective impairment of learning and 
blockade of long-term potentiation by an N-methyl-D-aspartate receptor antagonist, AP5. 
Nature 319:774-776. 

Mouri A, Koseki T, Narusawa S, Niwa M, Mamiya T, Kano S, Sawa A, Nabeshima T (2012) 
Mouse strain differences in phencyclidine-induced behavioural changes. Int J 
Neuropsychopharmacol 15:767-779. 

Mugnaini E, W.H. O (1985) An atlas of the distribution of GABAergic neurons and terminals in 
the rat CNS as revealed by GAD immunohistochemistry. In: Handbook of chemical 
neuroanatomy (Bjorklund A, Hokfelt T, eds), p 436. Asterdam: Elsevier. 

Nakagawa Y, Iwasaki T, Ishima T, Kimura K (1993) Interaction between benzodiazepine and 
GABA-A receptors in state-dependent learning. Life Sci 52:1935-1945. 

Neuringer A (2002) Operant variability: evidence, functions, and theory. Psychon Bull Rev 
9:672-705. 

Nicholson A, Reifsnyder PC, Malcolm RD, Lucas CA, MacGregor GR, Zhang W, Leiter EH 
(2010) Diet-induced obesity in two C57BL/6 substrains with intact or mutant nicotinamide 
nucleotide transhydrogenase (Nnt) gene. Obesity 18:1902-1905. 

O'Doherty J, Dayan P, Schultz J, Deichmann R, Friston K, Dolan RJ (2004) Dissociable roles of 
ventral and dorsal striatum in instrumental conditioning. Science 304:452-454. 

O'Doherty JP (2004) Reward representations and reward-related learning in the human brain: 
insights from neuroimaging. Curr Opin Neurobiol 14:769-776. 

Olausson P, Jentsch JD, Taylor JR (2003) Repeated nicotine exposure enhances reward-
related learning in the rat. Neuropsychopharmacology 28:1264-1271. 

Olausson P, Jentsch JD, Taylor JR (2004a) Repeated nicotine exposure enhances responding 
with conditioned reinforcement. Psychopharmacology (Berl) 173:98-104. 

Olausson P, Jentsch JD, Taylor JR (2004b) Nicotine enhances responding with conditioned 
reinforcement. Psychopharmacology (Berl) 171:173-178. 



137 
 

Olausson P, Jentsch JD, Tronson N, Neve RL, Nestler EJ, Taylor JR (2006) DeltaFosB in the 
nucleus accumbens regulates food-reinforced instrumental behavior and motivation. J 
Neurosci 26:9196-9204. 

Oliverio A, Eleftheriou B, Bailey D (1973) Exploratory activity: Genetic analysis of its 
modification by scopolamine and amphetamine. Physiology & behavior 10:893-899. 

Olson VG, Nestler EJ (2007) Topographical organization of GABAergic neurons within the 
ventral tegmental area of the rat. Synapse 61:87-95. 

Ostlund SB, Balleine BW (2007) Orbitofrontal Cortex Mediates Outcome Encoding in Pavlovian 
But Not Instrumental Conditioning. The Journal of Neuroscience 27:4819-4825. 

Ostlund SB, Balleine BW (2008) On habits and addiction: An associative analysis of compulsive 
drug seeking. Drug Discov Today Dis Models 5:235-245. 

Ostlund SB, Wassum KM, Murphy NP, Balleine BW, Maidment NT (2011) Extracellular 
dopamine levels in striatal subregions track shifts in motivation and response cost during 
instrumental conditioning. J Neurosci 31:200-207. 

Ostlund SB, LeBlanc KH, Kosheleff AR, Wassum KM, Maidment NT (2014) Phasic Mesolimbic 
Dopamine Signaling Encodes the Facilitation of Incentive Motivation Produced by 
Repeated Cocaine Exposure. Neuropsychopharmacology. 

Overton PG, Clark D (1997) Burst firing in midbrain dopaminergic neurons. Brain Res Brain Res 
Rev 25:312-334. 

Packard MG, Knowlton BJ (2002) Learning and memory functions of the Basal Ganglia. Annu 
Rev Neurosci 25:563-593. 

Papachristos EB, Gallistel CR (2006) Autoshaped head poking in the mouse: a quantitative 
analysis of the learning curve. J Exp Anal Behav 85:293-308. 

Park CC, Gale GD, de Jong S, Ghazalpour A, Bennett BJ, Farber CR, Langfelder P, Lin A, 
Khan AH, Eskin E, Horvath S, Lusis AJ, Ophoff RA, Smith DJ (2011) Gene networks 
associated with conditional fear in mice identified using a systems genetics approach. 
BMC Syst Biol 5:43. 

Parker JG, Beutler LR, Palmiter RD (2011a) The Contribution of NMDA Receptor Signaling in 
the Corticobasal Ganglia Reward Network to Appetitive Pavlovian Learning. The Journal 
of Neuroscience 31:11362-11369. 

Parker JG, Zweifel LS, Clark JJ, Evans SB, Phillips PE, Palmiter RD (2010) Absence of NMDA 
receptors in dopamine neurons attenuates dopamine release but not conditioned 
approach during Pavlovian conditioning. Proc Natl Acad Sci U S A 107:13491-13496. 

Parker JG, Wanat MJ, Soden ME, Ahmad K, Zweifel LS, Bamford NS, Palmiter RD (2011b) 
Attenuating GABA(A) receptor signaling in dopamine neurons selectively enhances 
reward learning and alters risk preference in mice. J Neurosci 31:17103-17112. 

Parkinson JA, Robbins TW, Everitt BJ (2000a) Dissociable roles of the central and basolateral 
amygdala in appetitive emotional learning. Eur J Neurosci 12:405-413. 



138 
 

Parkinson JA, Willoughby PJ, Robbins TW, Everitt BJ (2000b) Disconnection of the anterior 
cingulate cortex and nucleus accumbens core impairs Pavlovian approach behavior: 
further evidence for limbic cortical-ventral striatopallidal systems. Behav Neurosci 
114:42-63. 

Parkinson JA, Olmstead MC, Burns LH, Robbins TW, Everitt BJ (1999) Dissociation in effects of 
lesions of the nucleus accumbens core and shell on appetitive pavlovian approach 
behavior and the potentiation of conditioned reinforcement and locomotor activity by D-
amphetamine. J Neurosci 19:2401-2411. 

Parkinson JA, Dalley JW, Cardinal RN, Bamford A, Fehnert B, Lachenal G, Rudarakanchana N, 
Halkerston KM, Robbins TW, Everitt BJ (2002) Nucleus accumbens dopamine depletion 
impairs both acquisition and performance of appetitive Pavlovian approach behaviour: 
implications for mesoaccumbens dopamine function. Behav Brain Res 137:149-163. 

Pavlov IP, Anrep GV (1927) Conditioned reflexes; an investigation of the physiological activity of 
the cerebral cortex. London: Oxford University Press: Humphrey Milford. 

Pavlowsky A, Gianfelice A, Pallotto M, Zanchi A, Vara H, Khelfaoui M, Valnegri P, Rezai X, 
Bassani S, Brambilla D, Kumpost J, Blahos J, Roux MJ, Humeau Y, Chelly J, Passafaro 
M, Giustetto M, Billuart P, Sala C (2010) A postsynaptic signaling pathway that may 
account for the cognitive defect due to IL1RAPL1 mutation. Curr Biol 20:103-115. 

Payseur BA, Place M (2007) Prospects for association mapping in classical inbred mouse 
strains. Genetics 175:1999-2008. 

Pears A, Parkinson JA, Hopewell L, Everitt BJ, Roberts AC (2003) Lesions of the Orbitofrontal 
but not Medial Prefrontal Cortex Disrupt Conditioned Reinforcement in Primates. The 
Journal of Neuroscience 23:11189-11201. 

Pecina S, Cagniard B, Berridge KC, Aldridge JW, Zhuang X (2003) Hyperdopaminergic mutant 
mice have higher "wanting" but not "liking" for sweet rewards. J Neurosci 23:9395-9402. 

Peciña S, Berridge KC, Parker LA (1997) Pimozide Does Not Shift Palatability: Separation of 
Anhedonia from Sensorimotor Suppression by Taste Reactivity. Pharmacology 
Biochemistry and Behavior 58:801-811. 

Pekarik V, Izpisua Belmonte JC (2008) NFIX--one gene, two knockouts, multiple effects. J Biol 
7:29. 

Perez-Sepulveda JA, Flagel SB, Garcia-Fuster MJ, Slusky RJ, Aldridge JW, Watson S, Akil H 
(2013) Differential impact of a complex environment on positive affect in an animal 
model of individual differences in emotionality. Neuroscience 248c:436-447. 

Pessiglione M, Seymour B, Flandin G, Dolan RJ, Frith CD (2006) Dopamine-dependent 
prediction errors underpin reward-seeking behaviour in humans. Nature 442:1042-1045. 

Pubols BH, Jr. (1960) Incentive magnitude, learning, and performance in animals. Psychological 
Bulletin 57:89-115. 

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, Maller J, Sklar P, de 
Bakker PI, Daly MJ, Sham PC (2007) PLINK: a tool set for whole-genome association 



139 
 

and population-based linkage analyses. American journal of human genetics 81:559-
575. 

Redgrave P, Prescott TJ, Gurney K (1999) Is the short-latency dopamine response too short to 
signal reward error? Trends Neurosci 22:146-151. 

Reed DR, Li X, McDaniel AH, Lu K, Li S, Tordoff MG, Price RA, Bachmanov AA (2003) Loci on 
chromosomes 2, 4, 9, and 16 for body weight, body length, and adiposity identified in a 
genome scan of an F2 intercross between the 129P3/J and C57BL/6ByJ mouse strains. 
Mamm Genome 14:302-313. 

Reith ME, Sershen H, Vadasz C, Lajtha A (1981) Strain differences in opiate receptors in 
mouse brain. Eur J Pharmacol 74:377-380. 

Rescorla RA (1966) Predictability and number of pairings in Pavlovian fear conditioning. 
Psychonomic Science 4:383-384. 

Rescorla RA (1967) Pavlovian Conditioning and Its Proper Control Procedures. Psychological 
Review 74:71-80. 

Rescorla RA, Solomon RL (1967) Two-process learning theory: Relationships between 
Pavlovian conditioning and instrumental learning. Psychol Rev 74:151-182. 

Rescorla RA, Wagner AR (1972) A theory of Pavlovian conditioning: variations in the 
effectiveness of reinforcement and nonreinforcement. In: Classical conditioning II: 
current research and theory (Black AH, Prokasy WF, eds), pp 64-99. New York: 
Appleton-Century-Crofts. 

Robbins TW (1978) The acquisition of responding with conditioned reinforcement: effects of 
pipradrol, methylphenidate, d-amphetamine, and nomifensine. Psychopharmacology 
(Berl) 58:79-87. 

Robbins TW, Everitt BJ (1992) Functions of dopamine in the dorsal and ventral striatum. 
Seminars in Neuroscience 4:119-127. 

Robbins TW, Everitt BJ (2002) Limbic-striatal memory systems and drug addiction. Neurobiol 
Learn Mem 78:625-636. 

Robbins TW, Everitt BJ (2007) A role for mesencephalic dopamine in activation: commentary on 
Berridge (2006). Psychopharmacology (Berl) 191:433-437. 

Robbins TW, Cador M, Taylor JR, Everitt BJ (1989) Limbic-striatal interactions in reward-related 
processes. Neurosci Biobehav Rev 13:155-162. 

Robinson S, Sandstrom SM, Denenberg VH, Palmiter RD (2005) Distinguishing whether 
dopamine regulates liking, wanting, and/or learning about rewards. Behav Neurosci 
119:5-15. 

Robinson S, Rainwater AJ, Hnasko TS, Palmiter RD (2007) Viral restoration of dopamine 
signaling to the dorsal striatum restores instrumental conditioning to dopamine-deficient 
mice. Psychopharmacology (Berl) 191:567-578. 

Robinson TE, Berridge KC (1993) The neural basis of drug craving: an incentive-sensitization 
theory of addiction. Brain Res Brain Res Rev 18:247-291. 



140 
 

Robinson TE, Berridge KC (2008) The incentive sensitization theory of addiction: some current 
issues. Philosophical Transactions of the Royal Society B: Biological Sciences 
363:3137-3146. 

Robinson TE, Flagel SB (2009) Dissociating the predictive and incentive motivational properties 
of reward-related cues through the study of individual differences. Biol Psychiatry 
65:869-873. 

Roubertoux PL, Carlier M (2010) Mouse models of cognitive disabilities in trisomy 21 (Down 
syndrome). Am J Med Genet C Semin Med Genet 154C:400-416. 

Salamone JD (1994) The involvement of nucleus accumbens dopamine in appetitive and 
aversive motivation. Behav Brain Res 61:117-133. 

Salamone JD, Correa M (2002) Motivational views of reinforcement: implications for 
understanding the behavioral functions of nucleus accumbens dopamine. Behav Brain 
Res 137:3-25. 

Salamone JD, Wisniecki A, Carlson BB, Correa M (2001) Nucleus accumbens dopamine 
depletions make animals highly sensitive to high fixed ratio requirements but do not 
impair primary food reinforcement. Neuroscience 105:863-870. 

Salamone JD, Correa M, Mingote S, Weber SM (2003) Nucleus accumbens dopamine and the 
regulation of effort in food-seeking behavior: implications for studies of natural 
motivation, psychiatry, and drug abuse. J Pharmacol Exp Ther 305:1-8. 

Salamone JD, Correa M, Farrar A, Mingote SM (2007) Effort-related functions of nucleus 
accumbens dopamine and associated forebrain circuits. Psychopharmacology (Berl) 
191:461-482. 

Schoemaker H, Nickolson VJ, Kerbusch S, Crabbe JC (1982) Synaptosomal uptake studies on 
recombinant inbred mice; neurotransmitter interaction and behavioral correlates. Brain 
Res 235:253-264. 

Schultz W (1988) MPTP-induced parkinsonism in monkeys: mechanism of action, selectivity 
and pathophysiology. Gen Pharmacol 19:153-161. 

Schultz W (2002) Getting formal with dopamine and reward. Neuron 36:241-263. 

Schultz W (2007) Behavioral dopamine signals. Trends Neurosci 30:203-210. 

Schultz W, Romo R (1987) Responses of nigrostriatal dopamine neurons to high-intensity 
somatosensory stimulation in the anesthetized monkey. J Neurophysiol 57:201-217. 

Schultz W, Apicella P, Ljungberg T (1993) Responses of monkey dopamine neurons to reward 
and conditioned stimuli during successive steps of learning a delayed response task. J 
Neurosci 13:900-913. 

Schultz W, Dayan P, Montague PR (1997) A neural substrate of prediction and reward. Science 
275:1593-1599. 

Selcher JC, Atkins CM, Trzaskos JM, Paylor R, Sweatt JD (1999) A necessity for MAP kinase 
activation in mammalian spatial learning. Learn Mem 6:478-490. 



141 
 

Selcher JC, Nekrasova T, Paylor R, Landreth GE, Sweatt JD (2001) Mice lacking the ERK1 
isoform of MAP kinase are unimpaired in emotional learning. Learn Mem 8:11-19. 

Sharma L, Markon KE, Clark LA (2014) Toward a theory of distinct types of "impulsive" 
behaviors: A meta-analysis of self-report and behavioral measures. Psychol Bull 
140:374-408. 

Shen W, Flajolet M, Greengard P, Surmeier DJ (2008) Dichotomous dopaminergic control of 
striatal synaptic plasticity. Science 321:848-851. 

Shiflett MW, Balleine BW (2011) Molecular substrates of action control in cortico-striatal circuits. 
Prog Neurobiol. 

Shiflett MW, Brown RA, Balleine BW (2010) Acquisition and performance of goal-directed 
instrumental actions depends on ERK signaling in distinct regions of dorsal striatum in 
rats. J Neurosci 30:2951-2959. 

Shilyansky C, Karlsgodt KH, Cummings DM, Sidiropoulou K, Hardt M, James AS, Ehninger D, 
Bearden CE, Poirazi P, Jentsch JD, Cannon TD, Levine MS, Silva AJ (2010) 
Neurofibromin regulates corticostriatal inhibitory networks during working memory 
performance. Proc Natl Acad Sci U S A 107:13141-13146. 

Silva AJ, Kogan JH, Frankland PW, Kida S (1998) CREB and memory. Annu Rev Neurosci 
21:127-148. 

Silva AJ, Frankland PW, Marowitz Z, Friedman E, Laszlo GS, Cioffi D, Jacks T, Bourtchuladze 
R (1997) A mouse model for the learning and memory deficits associated with 
neurofibromatosis type I. Nat Genet 15:281-284. 

Simon MM et al. (2013) A comparative phenotypic and genomic analysis of C57BL/6J and 
C57BL/6N mouse strains. Genome Biol 14:R82. 

Singer P, Wei CJ, Chen JF, Boison D, Yee BK (2013) Deletion of striatal adenosine A(2A) 
receptor spares latent inhibition and prepulse inhibition but impairs active avoidance 
learning. Behav Brain Res 242:54-61. 

Skinner BF (1938) The behavior of organisms. New York,: Appleton-Century-Crofts. 

Smith-Roe SL, Kelley AE (2000) Coincident activation of NMDA and dopamine D1 receptors 
within the nucleus accumbens core is required for appetitive instrumental learning. J 
Neurosci 20:7737-7742. 

Smith G, Stellar E, Sprague JM (1995) Dopamine and food reward.  Progress in physiological 
psychology. In. New York,: Academic Press. 

Sorg BA, Kalivas PW (1991) Effects of cocaine and footshock stress on extracellular dopamine 
levels in the ventral striatum. Brain Res 559:29-36. 

Soriano P (1999) Generalized lacZ expression with the ROSA26 Cre reporter strain. Nat Genet 
21:70-71. 

Spencer H (1880) Princples of Psychology, 3 Edition. New York: D. Appleton & Co. 



142 
 

Spyropoulos DD, Bartel FO, Higuchi T, Deguchi T, Ogawa M, Watson DK (2003) Marker-
assisted study of genetic background and gene-targeted locus modifiers in 
lymphopoietic phenotypes. Anticancer research 23:2015-2026. 

Steinberg EE, Keiflin R, Boivin JR, Witten IB, Deisseroth K, Janak PH (2013) A causal link 
between prediction errors, dopamine neurons and learning. Nat Neurosci 16:966-973. 

Steketee JD, Kalivas PW (2011) Drug wanting: behavioral sensitization and relapse to drug-
seeking behavior. Pharmacol Rev 63:348-365. 

Stewart J, Badiani A (1993) Tolerance and sensitization to the behavioral effects of drugs. 
Behav Pharmacol 4:289-312. 

Storey JD (2002) A direct approach to false discovery rates. Journal of the Royal Statistical 
Society: Series B (Statistical Methodology) 64:479-498. 

Stuber GD, Klanker M, de Ridder B, Bowers MS, Joosten RN, Feenstra MG, Bonci A (2008) 
Reward-predictive cues enhance excitatory synaptic strength onto midbrain dopamine 
neurons. Science 321:1690-1692. 

Stuber GD, Sparta DR, Stamatakis AM, van Leeuwen WA, Hardjoprajitno JE, Cho S, Tye KM, 
Kempadoo KA, Zhang F, Deisseroth K, Bonci A (2011) Excitatory transmission from the 
amygdala to nucleus accumbens facilitates reward seeking. Nature advance online 
publication. 

Su WL, Sieberts SK, Kleinhanz RR, Lux K, Millstein J, Molony C, Schadt EE (2010) Assessing 
the prospects of genome-wide association studies performed in inbred mice. Mamm 
Genome 21:143-152. 

Suaud-Chagny MF, Chergui K, Chouvet G, Gonon F (1992) Relationship between dopamine 
release in the rat nucleus accumbens and the discharge activity of dopaminergic 
neurons during local in vivo application of amino acids in the ventral tegmental area. 
Neuroscience 49:63-72. 

Sutton RS, Barto AG (1998) Reinforcement learning : an introduction. Cambridge, Mass.: MIT 
Press. 

Svenson KL, Gatti DM, Valdar W, Welsh CE, Cheng R, Chesler EJ, Palmer AA, McMillan L, 
Churchill GA (2012) High-resolution genetic mapping using the Mouse Diversity outbred 
population. Genetics 190:437-447. 

Tang YP, Shimizu E, Dube GR, Rampon C, Kerchner GA, Zhuo M, Liu G, Tsien JZ (1999) 
Genetic enhancement of learning and memory in mice. Nature 401:63-69. 

Taylor JR, Robbins TW (1984) Enhanced behavioural control by conditioned reinforcers 
following microinjections of d-amphetamine into the nucleus accumbens. 
Psychopharmacology (Berl) 84:405-412. 

Taylor JR, Robbins TW (1986) 6-Hydroxydopamine lesions of the nucleus accumbens, but not 
of the caudate nucleus, attenuate enhanced responding with reward-related stimuli 
produced by intra-accumbens d-amphetamine. Psychopharmacology (Berl) 90:390-397. 

Taylor JR, Jentsch JD (2001) Repeated intermittent administration of psychomotor stimulant 
drugs alters the acquisition of Pavlovian approach behavior in rats: differential effects of 



143 
 

cocaine, d-amphetamine and 3,4- methylenedioxymethamphetamine ("Ecstasy"). Biol 
Psychiatry 50:137-143. 

Thorndike EL (1911) Animal intelligence; experimental studies. New York,: The Macmillan 
company. 

Tindell AJ, Berridge KC, Zhang J, Pecina S, Aldridge JW (2005) Ventral pallidal neurons code 
incentive motivation: amplification by mesolimbic sensitization and amphetamine. Eur J 
Neurosci 22:2617-2634. 

Toates FM (1986) Motivational systems. Cambridge Cambridgeshire ; New York: Cambridge 
University Press. 

Tomie A (1996) Locating Reward Cue at Response Manipulandum (CAM) Induces Symptoms 
of Drug Abuse. Neuroscience & Biobehavioral Reviews 20:505-535. 

Tonegawa S, Tsien JZ, McHugh TJ, Huerta P, Blum KI, Wilson MA (1996) Hippocampal CA1-
region-restricted knockout of NMDAR1 gene disrupts synaptic plasticity, place fields, and 
spatial learning. Cold Spring Harb Symp Quant Biol 61:225-238. 

Tsai HC, Zhang F, Adamantidis A, Stuber GD, Bonci A, de Lecea L, Deisseroth K (2009) Phasic 
firing in dopaminergic neurons is sufficient for behavioral conditioning. Science 
324:1080-1084. 

Tsien JZ, Huerta PT, Tonegawa S (1996a) The essential role of hippocampal CA1 NMDA 
receptor-dependent synaptic plasticity in spatial memory. Cell 87:1327-1338. 

Tsien JZ, Chen DF, Gerber D, Tom C, Mercer EH, Anderson DJ, Mayford M, Kandel ER, 
Tonegawa S (1996b) Subregion- and cell type-restricted gene knockout in mouse brain. 
Cell 87:1317-1326. 

Tye KM, Stuber GD, de Ridder B, Bonci A, Janak PH (2008) Rapid strengthening of thalamo-
amygdala synapses mediates cue-reward learning. Nature 453:1253-1257. 

Ujike H, Kishimoto M, Okahisa Y, Kodama M, Takaki M, Inada T, Uchimura N, Yamada M, 
Iwata N, Iyo M, Sora I, Ozaki N (2011) Association Between 5HT1b Receptor Gene and 
Methamphetamine Dependence. Current neuropharmacology 9:163-168. 

Ungless MA, Magill PJ, Bolam JP (2004) Uniform inhibition of dopamine neurons in the ventral 
tegmental area by aversive stimuli. Science 303:2040-2042. 

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. 

Valdar W, Solberg LC, Gauguier D, Burnett S, Klenerman P, Cookson WO, Taylor MS, Rawlins 
JN, Mott R, Flint J (2006) Genome-wide genetic association of complex traits in 
heterogeneous stock mice. Nat Genet 38:879-887. 

Vanderschuren LJ, Kalivas PW (2000) Alterations in dopaminergic and glutamatergic 
transmission in the induction and expression of behavioral sensitization: a critical review 
of preclinical studies. Psychopharmacology (Berl) 151:99-120. 



144 
 

Venton BJ, Seipel AT, Phillips PE, Wetsel WC, Gitler D, Greengard P, Augustine GJ, Wightman 
RM (2006) Cocaine increases dopamine release by mobilization of a synapsin-
dependent reserve pool. J Neurosci 26:3206-3209. 

Verbeke G, Molenberghs G (2009) Linear Mixed Models for Longitudinal Data: Springer. 

Volkow ND, Wang GJ, Fowler JS, Tomasi D, Baler R (2012) Food and drug reward: overlapping 
circuits in human obesity and addiction. Current topics in behavioral neurosciences 11:1-
24. 

Wade MJ (1987) Behavioral evolution: evolutionary genetics of invertebrate behavior. Science 
238:1741-1742. 

Waelti P, Dickinson A, Schultz W (2001) Dopamine responses comply with basic assumptions 
of formal learning theory. Nature 412:43-48. 

Wall VZ, Parker JG, Fadok JP, Darvas M, Zweifel L, Palmiter RD (2011) A behavioral genetics 
approach to understanding D1 receptor involvement in phasic dopamine signaling. Mol 
Cell Neurosci 46:21-31. 

Wassum KM, Ostlund SB, Balleine BW, Maidment NT (2011) Differential dependence of 
Pavlovian incentive motivation and instrumental incentive learning processes on 
dopamine signaling. Learn Mem 18:475-483. 

Wei CJ, Singer P, Coelho J, Boison D, Feldon J, Yee BK, Chen JF (2011) Selective inactivation 
of adenosine A(2A) receptors in striatal neurons enhances working memory and reversal 
learning. Learn Mem 18:459-474. 

Williams DR, Williams H (1969) Auto-maintenance in the pigeon: sustained pecking despite 
contingent non-reinforcement. J Exp Anal Behav 12:511-520. 

Willuhn I, Burgeno LM, Groblewski PA, Phillips PE (2014) Excessive cocaine use results from 
decreased phasic dopamine signaling in the striatum. Nat Neurosci 17:704-709. 

Wiltgen BJ, Godsil BP, Peng Z, Saab F, June HL, Linn ML, Cook JM, Houser CR, O'Dell TJ, 
Homanics GE, Fanselow MS (2009) The alpha1 subunit of the GABA(A) receptor 
modulates fear learning and plasticity in the lateral amygdala. Front Behav Neurosci 
3:37. 

Winterbauer NE, Balleine BW (2007) The influence of amphetamine on sensory and conditioned 
reinforcement: evidence for the re-selection hypothesis of dopamine function. Front 
Integr Neurosci 1:9. 

Wise RA (1978) Catecholamine theories of reward: a critical review. Brain Res 152:215-247. 

Wise RA (1980) The dopamine synapse and the notion of 'pleasure centers' in the brain. Trends 
in Neurosciences 3:91-95. 

Wise RA (1987) Intravenous drug self-administration: A special case of positive reinforcement. 
In: Methods of assessing the reinforcing properties of abused drugs (Bozarth MA, ed), 
pp 117–141. New York: Springer-Verlag. 

Wise RA, Bozarth MA (1984) Brain reward circuitry: four circuit elements "wired" in apparent 
series. Brain Res Bull 12:203-208. 



145 
 

Wise RA, Bozarth MA (1987) A psychomotor stimulant theory of addiction. Psychol Rev 94:469-
492. 

Wise RA, Rompre PP (1989) Brain dopamine and reward. Annu Rev Psychol 40:191-225. 

Witten IB, Steinberg EE, Lee SY, Davidson TJ, Zalocusky KA, Brodsky M, Yizhar O, Cho SL, 
Gong S, Ramakrishnan C, Stuber GD, Tye KM, Janak PH, Deisseroth K (2011a) 
Recombinase-driver rat lines: tools, techniques, and optogenetic application to 
dopamine-mediated reinforcement. Neuron 72:721-733. 

Witten Ilana B, Steinberg Elizabeth E, Lee Soo Y, Davidson Thomas J, Zalocusky Kelly A, 
Brodsky M, Yizhar O, Cho Saemi L, Gong S, Ramakrishnan C, Stuber Garret D, Tye 
Kay M, Janak Patricia H, Deisseroth K (2011b) Recombinase-Driver Rat Lines: Tools, 
Techniques, and Optogenetic Application to Dopamine-Mediated Reinforcement. Neuron 
72:721-733. 

Wolf ME (1998) The role of excitatory amino acids in behavioral sensitization to psychomotor 
stimulants. Prog Neurobiol 54:679-720. 

Wolf ME, White FJ, Hu XT (1994) MK-801 prevents alterations in the mesoaccumbens 
dopamine system associated with behavioral sensitization to amphetamine. J Neurosci 
14:1735-1745. 

Wolfe CJ, Kohane IS, Butte AJ (2005) Systematic survey reveals general applicability of "guilt-
by-association" within gene coexpression networks. BMC Bioinformatics 6:227. 

Wolfer DP, Crusio WE, Lipp HP (2002) Knockout mice: simple solutions to the problems of 
genetic background and flanking genes. Trends Neurosci 25:336-340. 

Wyvell CL, Berridge KC (2000) Intra-accumbens amphetamine increases the conditioned 
incentive salience of sucrose reward: enhancement of reward "wanting" without 
enhanced "liking" or response reinforcement. J Neurosci 20:8122-8130. 

Wyvell CL, Berridge KC (2001) Incentive sensitization by previous amphetamine exposure: 
increased cue-triggered "wanting" for sucrose reward. J Neurosci 21:7831-7840. 

Yamaguchi T, Sheen W, Morales M (2007) Glutamatergic neurons are present in the rat ventral 
tegmental area. Eur J Neurosci 25:106-118. 

Yang H, Ding Y, Hutchins LN, Szatkiewicz J, Bell TA, Paigen BJ, Graber JH, de Villena FP, 
Churchill GA (2009) A customized and versatile high-density genotyping array for the 
mouse. Nat Methods 6:663-666. 

Yin HH, Knowlton BJ, Balleine BW (2004) Lesions of dorsolateral striatum preserve outcome 
expectancy but disrupt habit formation in instrumental learning. Eur J Neurosci 19:181-
189. 

Yin HH, Knowlton BJ, Balleine BW (2005a) Blockade of NMDA receptors in the dorsomedial 
striatum prevents action-outcome learning in instrumental conditioning. Eur J Neurosci 
22:505-512. 

Yin HH, Knowlton BJ, Balleine BW (2006a) Inactivation of dorsolateral striatum enhances 
sensitivity to changes in the action-outcome contingency in instrumental conditioning. 
Behav Brain Res 166:189-196. 



146 
 

Yin HH, Zhuang X, Balleine BW (2006b) Instrumental learning in hyperdopaminergic mice. 
Neurobiol Learn Mem 85:283-288. 

Yin HH, Ostlund SB, Balleine BW (2008) Reward-guided learning beyond dopamine in the 
nucleus accumbens: the integrative functions of cortico-basal ganglia networks. Eur J 
Neurosci 28:1437-1448. 

Yin HH, Ostlund SB, Knowlton BJ, Balleine BW (2005b) The role of the dorsomedial striatum in 
instrumental conditioning. Eur J Neurosci 22:513-523. 

Yun IA, Wakabayashi KT, Fields HL, Nicola SM (2004) The ventral tegmental area is required 
for the behavioral and nucleus accumbens neuronal firing responses to incentive cues. J 
Neurosci 24:2923-2933. 

Zellner MR, Kest K, Ranaldi R (2008) NMDA receptor antagonism in the ventral tegmental area 
impairs acquisition of reward-related learning. Behav Brain Res. 

Zener K (1937) The Significance of Behavior Accompanying Conditioned Salivary Secretion for 
Theories of the Conditioned Response. The American Journal of Psychology 50:384. 

Zhang B, Horvath S (2005) A general framework for weighted gene co-expression network 
analysis. Statistical applications in genetics and molecular biology 4:Article17. 

Zhang L, Doyon WM, Clark JJ, Phillips PE, Dani JA (2009) Controls of tonic and phasic 
dopamine transmission in the dorsal and ventral striatum. Mol Pharmacol 76:396-404. 

Zhang TA, Placzek AN, Dani JA (2010) In vitro identification and electrophysiological 
characterization of dopamine neurons in the ventral tegmental area. Neuropharmacology 
59:431-436. 

Zhuang X, Masson J, Gingrich JA, Rayport S, Hen R (2005) Targeted gene expression in 
dopamine and serotonin neurons of the mouse brain. J Neurosci Methods 143:27-32. 

Zweifel LS, Argilli E, Bonci A, Palmiter RD (2008) Role of NMDA receptors in dopamine neurons 
for plasticity and addictive behaviors. Neuron 59:486-496. 

Zweifel LS, Fadok JP, Argilli E, Garelick MG, Jones GL, Dickerson TM, Allen JM, Mizumori SJ, 
Bonci A, Palmiter RD (2011) Activation of dopamine neurons is critical for aversive 
conditioning and prevention of generalized anxiety. Nat Neurosci 14:620-626. 

Zweifel LS, Parker JG, Lobb CJ, Rainwater A, Wall VZ, Fadok JP, Darvas M, Kim MJ, Mizumori 
SJ, Paladini CA, Phillips PE, Palmiter RD (2009) Disruption of NMDAR-dependent burst 
firing by dopamine neurons provides selective assessment of phasic dopamine-
dependent behavior. Proc Natl Acad Sci U S A 106:7281-7288. 

Zyablitseva EA, Kositsyn NS, Shul'gina GI (2009) The effects of agonists of ionotropic GABA(A) 
and metabotropic GABA(B) receptors on learning. Span J Psychol 12:12-20. 

 

 



147 
 

  




