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Abstract 

Reward-associated stimuli are critically involved in the organization of behavior. Such cues, 

if they are attributed with incentive motivational properties, can act as incentive stimuli, with the 

power to evoke complex emotional and motivational states that drive reward-seeking behavior. 

Incentive stimuli can motivate behavior via multiple psychological processes, including 

attracting approach, reinforcing actions themselves, and/or spurring on new or ongoing behavior, 

and these processes rely on a distributed set of overlapping, but partially distinct brain systems. 

Critically, not only do cues guide adaptive reward seeking, they also contribute to compulsive 

disorders, such as addiction and binge eating. 

Importantly, there is substantial variation in the tendency of different individuals to assign 

motivational value to cues. Some rats (sign trackers), for example, find a discrete Pavlovian 

food-predictive cue attractive and desirable, in that it motivates approach behavior, and these 

animals will work avidly to obtain the cue. Other rats (goal trackers), alternatively, learn the 

cue’s association with food, but do not find the cue itself attractive or desirable, instead 

approaching the location of food delivery. Thus, reward cues only acquire incentive stimulus 

properties in some individuals. This may have broad implications for understanding both natural 

variations in normal reward seeking, as well the factors that contribute to differences in 

susceptibility to psychopathologies such as addiction. The primary goals, here, are to better 

understand the neural mechanisms responsible for this variation, and to establish the extent to 

which variation in food-cue responsivity predicts variation in behavior motivated by drug cues. 
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In the experiments in chapter 2, I examined the role of dopamine signaling within the nucleus 

accumbens in the expression of different types of Pavlovian conditioned responses. I found that

dopamine signaling within the accumbens core is necessary for the expression of sign-tracking, 

but not goal-tracking, approach behavior. The results suggest that dopamine in the accumbens 

mediates the incentive motivational, rather than learned, value of reward cues. 

In chapter 3, I examined whether the individual variation in responsivity to discrete food cues 

exhibited by sign and goal trackers predicts the degree to which a discrete cocaine cue motivates 

behavior. I found that a discrete cocaine cue was more important for maintaining cocaine self 

administration, and served as a conditioned reinforcer to reinstate cocaine seeking behavior to a 

greater degree in sign trackers than it did for goal trackers. This suggests that some individuals 

may be more “reactive” to discrete cues associated with both food and drugs. 

In chapter 4, I utilized a novel procedure to examine individual variation in the ability of a 

discrete cocaine cue to spur cocaine-seeking behavior in the face of adverse consequences. I 

found that a discrete cocaine cue, evoked much greater cocaine-seeking behavior in sign trackers 

than goal trackers, even in the face of negative costs associated with the seeking response. 

Additionally, I found that blockade of dopamine signaling within the accumbens core prevented 

this cue-evoked cocaine seeking, and amplification of dopamine transmission was sufficient to 

enhance seeking responses. This suggests that there is considerable individual variation in the 

ability of discrete drug cues to evoke motivational states that drive behavior, and dopamine 

signaling in the accumbens core is necessary and sufficient for this process.  

With experiments in chapter 5, I examined whether there were similar individual differences 

in the motivational properties of cocaine itself. I found that sign trackers were willing to work 

much harder to obtain infusions of cocaine, in the absence of discrete drug cues, compared to 
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goal trackers. Additionally, exposure to a small amount cocaine (a “prime”) elicited robust 

reinstatement behavior in sign trackers compared to goal trackers. This suggests that the 

interoceptive cues associated with drugs also spur different levels of motivation in different 

individuals.  

In chapter 6, I investigated potential individual variation in the ability of drug-associated 

contextual cues to motivate behavior. I found that a cocaine context instigated much more robust 

conditioned hyperactivity, and reinstated greater cocaine-seeking behavior in goal trackers, 

relative to sign trackers. Furthermore, dopamine signaling within the accumbens core was 

necessary for this reinstatement effect. Taken together with my other results, this indicates that 

sign trackers preferentially assign motivational significance to discrete reward information, while 

goal trackers do to contextual information.  

Thus, the individual variation expressed by sign and goal trackers reflects broad underlying 

variability in reward-cue processing. Given that these animals exhibit sensitivity to different 

types of reward-associated information, there may be multiple “vulnerability” states underlying a 

variety of maladaptive patterns of reward-seeking behavior. Further exploration of the 

mechanisms underlying variation in responsivity to reward cues will provide a better 

understanding of the organization of adaptive reward seeking, as well as the development of 

many psychopathologies.
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Chapter 1 

Introduction 

 

To survive, animals must navigate a complex, ever-changing environment, and stimuli 

associated with different behavioral outcomes help organisms do this, in part by coordinating 

approach towards desirable stimuli and avoidance of potentially harmful ones (Hebb, 1955; 

Ikemoto, 2010; Moltz, 1965; Schneirla, 1959). Thus, from worms to humans, environmental cues 

play an important role in guiding individuals to successfully seek out what is critical for survival, 

by signaling the current or future availability, location, quality, and/or quantity of rewards. The 

sensory systems of different animal species have evolved specifically to enable efficient 

processing of particular types of reward cues important for their survival. Color vision, for 

example, is thought to have evolved in many species, including insects and primates, due to 

selection pressures favoring the ability to visualize colorful flowers and fruits, which facilitates 

successful foraging. Thus, environmental cues serve a phylogenetically ancient purpose: to 

increase the probability of acquiring rewarding stimuli and avoiding aversive stimuli.  

The role of cues in reward seeking 

Reward “cues”, as I will discuss them here are broadly defined, and can exist in any single 

sensory modality, or combinations of different modalities. I will roughly classify reward cues 

into three categories. First, cues can be discrete, localizable stimuli. Often in rodent and human 

experiments, this type of cue is also transiently present in the environment, in that its appearance 
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is explicitly associated in time with some event. Second, cues can be static, contextual stimuli 

(e.g., places where rewards are acquired and/or consumed). Third, internal states produced by the 

experience of rewards themselves can serve as cues. It is important to point out, however, that 

while these broad definitions work well for laboratory studies, in a natural world setting free 

from experimental constraints, there is some degree of overlap. As one example, discrete, 

localizable cues may also be static in the environment. Additionally, in experimental settings, 

cues are often relatively simple, unimodal stimuli, such as lights, tones, images, or a test 

chamber, but in reality, reward cues are generally complex compound stimuli. 

In now classic studies, Pavlov (1927) demonstrated that if a previously neutral stimulus 

(conditional stimulus, CS) reliably predicts the delivery of a reward (unconditional stimulus, 

US), over time the CS will come to elicit a conditional response (CR). Pavlov found that in 

hungry dogs if the ticking of a metronome was paired with food delivery, the sound of the 

metronome itself (the CS) came to elicit salivation (the CR). Given that the dogs initially 

salivated unconditionally when presented with the US, Pavlov referred to the CS-elicited CR as a 

conditioned reflex (Pavlov, 1927). For many years after these experiments, researchers described 

Pavlovian conditioned behavior largely in terms of stimulus – response (S-R) habits (Berridge, 

2001). That is, as a consequence of learning, a Pavlovian CS comes to evoke a rigid, inflexible 

behavioral response. Researchers have now long known, however, that beyond eliciting simple, 

reflexive CRs, CSs may also be attributed with incentive motivational properties (“incentive 

salience”), becoming incentive stimuli, and thus acquire the ability to activate complex emotional 

and motivational states (Berridge, 2001; Bindra, 1978; Bolles, 1972; Cardinal et al., 2002a; 

Konorski, 1967; Rescorla, 1988; Toates, 1986; Trowill et al., 1969; Young, 1959; Young, 1966). 

Incentive salience refers specifically to the acquired perceptual and motivational properties of a 
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stimulus that render it attention grabbing and “wanted”1 (Berridge and Robinson, 1998). Thus, 

Pavlovian CSs not only have predictive or associative value – they signal information about 

rewards – they can also acquire powerful motivational properties of their own, acting as 

incentive stimuli. Importantly, the motivational properties of a reward or reward cue are not 

simply a fixed characteristic of the stimulus itself, but are modulated by the physiological state of 

the individual (Cabanac, 1979; Toates, 1986; Young, 1959). For example, when one is hungry, 

the incentive value of rewards and their cues is potentiated, when sated, their value is relatively 

diminished. Various circumstances, therefore, such as hunger, thirst, or even drug-induced states 

can modulate the motivational value of learned reward cues. The complexity of these 

psychological responses to rewards and cues – well beyond simple S-R habits – has the effect of 

greatly increasing the flexibility and diversity of an individual’s behavioral repertoire, allowing 

for adaptive reward seeking (Toates, 1986).  

Barry Everitt and colleagues (e.g., Cardinal et al., 2002a; Everitt et al., 2001; Milton and 

Everitt, 2010) have developed a useful conceptualization of incentive stimuli that emphasizes 

three fundamental properties. An incentive stimulus 1) is attractive and attention grabbing, 

drawing individuals into close proximity with it. 2) It is itself desirable, in the sense that it can 

reinforce actions to obtain it. 3) Its presence can evoke a conditioned motivational state capable 

of both instigating seeking behavior, and invigorating ongoing behavior. Collectively, these 

properties define an incentive stimulus but, importantly, they are psychologically dissociable, 

and rely on overlapping but distinct neural systems (Cardinal et al., 2002a; see below). Taken 

together, if a reward-associated cue acquires these properties it is, in effect, transformed from a 

																																																								
1 Here I will follow the convention of Berridge and Robinson (1993, 2003). “Wanting”, with quotation marks, refers 
to implicit motivational drives (incentive salience) for which conscious awareness is not necessary. This is distinct 
from wanting, without quotation marks, which refers to explicit conscious desires. In the preclinical studies 
described here, I will refer to motivational drives as states of “wanting” for rewards and associated stimuli.  
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predictive but motivationally “cold” CS into a “hot” incentive stimulus, which can exert 

motivational control over behavior (Cardinal et al., 2002a; Meyer et al., 2012a). 

Conditioned Approach 

An important feature of an incentive stimulus is its ability to grab one’s attention and attract, 

which has the effect of drawing individuals into close physical proximity with it, and thus 

usually with the reward itself. Experimentally, this phenomenon is measured as Pavlovian 

conditioned approach behavior. It was demonstrated years ago that if a localizable Pavlovian cue 

reliably predicts the presentation of a reward, some animals will learn to approach the CS itself, 

even though no response is necessary to obtain the reward (Brown and Jenkins, 1968). This CS-

directed approach behavior was called “sign-tracking” (Hearst and Jenkins, 1974), the word 

“sign” referring to the cue, and often includes vigorous engagement with the cue that mimics the 

consummatory response associated with the type of reward delivered (Davey and Cleland, 1982; 

Jenkins and Moore, 1973; Pavlov, 1932). Originally, the term “autoshaping” was used to 

describe the procedure that produces this type of Pavlovian CR (Brown and Jenkins, 1968), but 

this is actually a misnomer, because with the Pavlovian procedure no responses are ever 

reinforced (i.e., shaped). Indeed, the development of conditioned approach is not due to 

accidental reinforcement or “superstitious” behavior (Skinner, 1948). This was neatly 

demonstrated in Pavlovian conditioning studies in which a negative contingency was 

implemented, whereby contact with the CS resulted in omission of the reward. Under these 

conditions, animals continue to approach and sometimes even contact the CS, despite no longer 

receiving reward (Killeen, 2003; Lajoie and Bindra, 1976; Schwartz and Williams, 1972; 

Timberlake and Lucas, 1985; Williams and Williams, 1969). Many species of animals, including 

birds, fish, rats, mice, monkeys, and humans, are known to exhibit sign-tracking behavior 
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(Breland and Breland, 1961; Brown and Jenkins, 1968; Burns and Domjan, 1996; Cole and 

Adamo, 2005; Gamzu and Schwam, 1974; Hearst and Jenkins, 1974; Nilsson et al., 2008; 

Pithers, 1985; Tomie et al., 2012; Wilcove and Miller, 1974; Williams and Williams, 1969).  

Conditioned Reinforcement 

In addition to being attractive, incentive stimuli can also become desirable, in the sense that 

they will reinforce actions that lead to their obtainment. In experimental terms, incentive stimuli 

act as conditioned or secondary reinforcers. Conditioned reinforcers can serve as a bridge 

between delays in the receipt of primary reinforcers, capable of maintaining responding for long 

periods of time in the absence of the primary reward, and they can support the learning of new 

and complex behavioral chains (Fantino, 1977; Hall, 1951; Hull, 1943; Kelleher and Gollub, 

1962; Mackintosh, 1974). This has the effect of greatly increasing the persistence and 

complexity of behavior. Cues are thought to result in conditioned reinforcement via two 

mechanisms: by triggering a general motivational state, independent of particular outcomes, 

and/or by evoking a representation of a specific rewarding outcome that reinforces further 

behavior (Burke et al., 2007, 2008; Parkinson et al., 2005).  

The conditioned reinforcing properties of reward cues can become quite powerful. For 

example, they maintain behavior in the absence of rewards (Di Ciano and Everitt, 2004), they are 

resistant to extinction (Arroyo et al., 1998; Di Ciano and Everitt, 2005; Panlilio et al., 2005), and 

continue to reinforce responding even after US devaluation (Davis and Smith, 1976). The ability 

of cues to act as conditioned reinforcers is clearly illustrated by many reward self-administration 

studies utilizing traditional extinction-reinstatement procedures to model relapse behavior (Nair 

et al., 2009; Shaham et al., 2003). In these studies, animals are trained to self administer a reward 

in the presence of an explicitly associated cue (often a light or tone), after which instrumental 
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responding is extinguished in the absence of the cue. The cue’s ability to reinstate and maintain 

reward-seeking behavior is examined in a reinstatement test, wherein responses again produce 

the reward-paired cue, but under extinction conditions (that is, they do not receive the primary 

reward). Using this procedure, many studies have demonstrated that cues associated with a 

variety of rewards reinstate reward-seeking behavior (de Wit and Stewart, 1981; Kruzich et al., 

2001; Milton and Everitt, 2010; Nair et al., 2009; Shaham et al., 2003). I should note that these 

studies typically refer to this effect as “cue-induced reinstatement”, but in fact the way these 

procedures are typically applied the cue does not “induce” an action, but the action produces the 

cue, and therefore it is presumably the conditioned reinforcing properties of the cue that 

primarily increase responding. 

Conditioned Motivation 

Finally, incentive stimuli can arouse or evoke a conditioned motivational state that spurs 

reward-seeking behavior (Bindra, 1968; Cardinal et al., 2002a; Milton and Everitt, 2010). This is 

an important mechanism by which cues produce craving2, which may not only instigate new 

actions to procure the reward, but also invigorate ongoing actions. The ability of a Pavlovian cue 

to invigorate instrumental behavior has traditionally been examined using Pavlovian-to-

instrumental transfer (PIT) procedures (Estes, 1943; Estes, 1948; Holmes et al., 2010; Lovibond, 

1983; Ostlund and Maidment, 2012; Rescorla and Solomon, 1967). Typically, individuals first 

receive Pavlovian training, where a cue is paired with reward delivery independent of any action. 

This is followed by an instrumental training phase, where the individual learns to make a 

response (e.g., lever press) for a reward. Subsequent noncontingent presentations of the 

Pavlovian cue (under extinction conditions) increase the rate, or “vigor”, of instrumental 

																																																								
2 As with wanting and “wanting”, I will distinguish craving, without quotation marks, which reflects a conscious 
subjective state of desire, from “craving”, which is an inferred implicit conditioned motivational state. 



	

7 
	

responding for reward. Similar to conditioned reinforcement, two varieties of this transfer effect 

have been described. First, PIT can occur in an outcome-independent manner (Dickinson and 

Dawson, 1987), where a cue enhances instrumental responding for any appetitive outcome, even 

those the cue was never paired with. For example, Balleine (1994) demonstrated that rats trained 

to self administer water responded at a higher rate when presented with either a water-associated 

cue, or a food-associated cue. Importantly, this general ability of cue to invigorate instrumental 

behavior is tied to internal motivational states, such that transfer is greatest when the individual 

is highly motivated for the associated rewards. If rats have been stated on food, for example, a 

food-associated cue does not increase responding for water (Balleine, 1994). Second, an 

outcome-specific form of transfer can occur (Colwill and Rescorla, 1988; Kruse et al., 1983), 

where a cue biases instrumental actions to favor the one that produces the same outcome that was 

paired with that cue. This form of transfer appears to be somewhat less dependent on internal 

motivational states (Corbit et al., 2007). Therefore, Pavlovian cues can directly modulate 

instrumental actions via multiple, dissociable processes. 

As described above, most reinstatement studies typically use procedures in which the 

conditioned reinforcing properties of cues primarily control behavior (that is, the cue is presented 

contingent upon an action). But noncontingent presentation of rewards and reward cues can also 

produce a conditional motivational state that invigorates or reinstates extinguished reward 

seeking. Skinner (1938) demonstrated long ago that, following extinction, non-contingent 

presentation of a food pellet to rats reinstated responding. Similarly, Rescorla and Skucy (1969) 

found that giving rats noncontingent food retarded the rate of extinction of food-seeking, and this 

occurred even if continued responding delayed the next availability of food. Many of these 

reward “priming” studies have now demonstrated that exposure to even small amounts of a 
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variety of rewards can renew extinguished or long abstinent instrumental behavior (de Wit, 1996; 

Jaffe et al., 1989; Konorski, 1967; Skinner, 1938). 

Reward cues can promote maladaptive behavior 

Cues, while serving these vital roles in directing adaptive reward-seeking behavior, under 

certain conditions, may also serve as powerful temptations that can promote maladaptive patterns 

of behavior (Nesse and Berridge, 1997). This is best illustrated in many types of human 

psychopathology, where cues can instigate pathological reward-seeking in disorders such as 

compulsive eating and gambling, hypersexuality, and addiction.  

For a large part of the second half of the twentieth century, the predominantly held 

psychological explanation for why addicts continue to self administer drugs despite many 

adverse consequences was because doing so alleviated an aversive state associated with 

withdrawal symptoms (Koob and Le Moal, 2001; Lindesmith, 1968; Solomon and Corbit, 1974). 

This was partly due to the popularity of drive-reduction theories at the time (Hull, 1943), but also 

because the majority of early drug self-administration studies utilized opiates, which produce 

physical dependence that leads to marked withdrawal symptoms upon abstinence. Many studies 

(e.g., Deneau et al., 1969; Stewart et al., 1984; Woods and Schuster, 1971) eventually 

demonstrated, however, that opiate use – and that of other drugs – develops and progresses in the 

absence of physical dependence and withdrawal symptoms. Furthermore, studies began to 

demonstrate that relapse of drug seeking could be instigated, through presentation of drug-

associated cues or contexts, or by “priming” individuals with small amounts of drug, even in 

users who had been long abstinent (de Wit and Stewart, 1981; Hodgson et al., 1979; Stretch and 

Gerber, 1973). Based on studies like this, consensus began to shift to the view that drug use, 

similar to consumption of biologically relevant rewards such as food and water (Bindra, 1978), is 
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usually – though not always – mediated by the positive incentive motivational properties of 

drugs and associated cues, rather than an internal drive to reduce a negative withdrawal state. In 

regard to drug use this conceptual change was summarized by Stewart et al. (1984), who noted, 

“Need and drive views of motivation are gradually being replaced by a view … that ascribes a 

primary role to incentive stimuli as the generators of motivational states and elicitors of actions”. 

It is, “the drug itself, or the presentation of a stimulus previously paired with the drug, that acts 

to create a motivational state that facilitates drug-seeking behavior” (p. 251, 256), a view that 

currently has broad support (Milton and Everitt, 2010; Robinson and Berridge, 1993). Indeed, we 

now know that if drug cues act as incentive stimuli, they may become especially critical for the 

development and persistence of addiction, in part because they facilitate three “routes to relapse” 

(see Figure 4 in Milton and Everitt, 2010). They may 1) bias attention, eliciting approach to 

drug-associated places and paraphernalia; 2) reinforce actions that lead to obtaining drugs; and 3) 

spur intense drug seeking by evoking a conditioned motivational state (e.g., implicit or explicit 

“craving”). These incentive motivational properties of drug cues, though dissociable, in addicts 

may work in concert to promote relapse, such that maintaining abstinence becomes 

overwhelmingly difficult. Indeed, several theories of addiction have emphasized the importance 

of drug cues (Di Chiara, 1998; Robinson and Berridge, 1993; Stewart et al., 1984; Tomie, 1996). 

Until recently, there was no clear evidence that drug cues would support conditioned 

approach behavior directed towards the drug cue itself (i.e., sign tracking) in non-human 

animals, as is readily demonstrated with food cues (see above). Indeed, as recently as 2005, 

Everitt and Robbins (2005) speculated with regard to Pavlovian drug cue approach, “it may…be 

that the behavioral influence of CSs associated with drugs and natural reinforcers differ 

fundamentally in this regard” (p. 1482). Nevertheless, several studies using rats have now 



	

10 
	

demonstrated that drugs delivered in a variety of fashions do in fact support conditioned 

approach behavior (Cunningham and Patel, 2007; Krank et al., 2008; Tomie et al., 2008; Uslaner 

et al., 2006). Tomie (1996) was amongst the first to suggest that the ability of drug cues to 

instigate approach and engagement is important in the development of maladaptive drug use, 

given that many drug-associated stimuli (e.g., drinking containers, needles, and pipes, etc) are 

embedded within drug-delivery apparatuses. If these cues become attractive and facilitate 

approach and engagement, the likelihood of continued drug use will be high. 

The ability of drug cues to act as conditioned reinforcers is another important mechanism 

contributing to persistent drug-seeking behavior. A variety of studies have demonstrated that, as 

with food cues, cues associated with drugs will maintain drug-seeking behavior for long intervals 

between drug delivery events, and support complex drug-seeking behavioral sequences (Arroyo 

et al., 1998; Di Ciano and Everitt, 2003, 2004; Di Ciano and Everitt, 2005; Everitt and Robbins, 

2005; Goldberg and Tang, 1977; Katz, 1979; Kelleher, 1966; Kelleher and Goldberg, 1977; 

Schindler et al., 2002). Di Ciano and Everitt (2004) found, for example, that a visual cue 

associated with cocaine can actually reinforce the learning of a novel instrumental action, and 

maintain responding in the absence of the drug across two months of intermittent testing. 

Consistent with this, other studies demonstrated that self administration of drugs is more robust 

when a cue is associated with drug delivery, compared to when drug delivery is unsignaled 

(Caggiula et al., 2009; Caggiula et al., 2001; Panlilio et al., 1996; Schenk and Partridge, 2001). 

Many further studies using the traditional extinction-reinstatement procedure showed that 

animals will reinstate extinguished drug-seeking behaviors in order to receive presentations of a 

drug-associated cue alone (e.g., de Wit and Stewart, 1981; Shaham et al., 2003) 



	

11 
	

The presence of drug-associated cues can elicit conditioned motivational states that instigate 

drug-seeking behavior (Milton and Everitt, 2010). This is often the mechanism by which drug 

craving develops, and is thus an important way that drug cues promote relapse behavior. 

Additionally, exposure to small amounts of drug itself, and therefore, the interoceptive cues 

associated with the drug experience, can instigate craving and relapse (de Wit and Stewart, 1981; 

Hodgson et al., 1979; Jaffe et al., 1989). As mentioned above, the ability of cues to produce 

conditioned motivation is often measured in tests of Pavlovian-instrumental transfer, where the 

presence of a Pavlovian CS invigorates current instrumental behavior. However, until recently 

there was no clear experimental evidence that a drug-associated cue can produce a PIT effect. In 

an important study addressing this issue, LeBlanc et al. (2012) demonstrated drug cue PIT, 

showing that presentations of a cocaine-associated CS acutely increased the rate of ongoing self-

administration behavior in rats. Interestingly, they found that the presence of a Pavlovian cocaine 

CS invigorated behavior during both the “seeking” and “taking” phases of the self-administration 

behavioral chain, which are analogous to the approach/preparation and consumption phases of 

drug taking. Though this topic requires more investigation, the results of LeBlanc et al. (2012) 

suggest that Pavlovian drug cues directly invigorate behavior at multiple points along the 

progression of drug use.  

Neural mechanisms of Pavlovian reward cue processing 

Considerable research suggests that the neural systems recruited by motivationally significant 

events are similar across many different classes of rewards, such as food, sex, and drugs 

(Cardinal et al., 2002a; Childress et al., 2008; Haber and Knutson, 2010; Ikemoto, 2010; Ikemoto 

and Panksepp, 1999; Kalivas and Volkow, 2005; Kelley, 2004a; Kelley, 2004b; Kelley and 

Berridge, 2002; Kelley et al., 2005; Kenny, 2011; Kuhn and Gallinat, 2011; Nair et al., 2009; 
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Volkow and Wise, 2005). These reward circuits comprise a wide, distributed network, including 

mesocorticolimbic dopamine pathways, which I will discuss in detail below. Though each may 

have specific functional roles in different reward-related processes, several brain regions, 

including the ventral tegmental area (VTA), dorsal and ventral striatum, ventral pallidum, 

thalamus, habenula, amygdala, and prefrontal/anterior cingulate/orbitofrontal cortex 

(PFC/ACC/OFC) are all known to be “engaged” by reward-associated cues (Cardinal et al., 

2002a; Kalivas and Volkow, 2005; Kelley et al., 2005; Koob and Volkow, 2010; Schiltz et al., 

2007). Together, these regions constitute a motivational system (Figure 1.1), comprised of 

cortico-striato-pallido-thalamic loops with extensive reciprocal interregional connectivity (Belin 

and Everitt, 2008; Belin et al., 2009; Haber et al., 2000; Haber and Knutson, 2010; Kalivas and 

Volkow, 2005; Zahm, 2000, 2006). Specifically, dopamine neurons in the substantia nigra and 

VTA project to subcortical targets in the ventral pallidum, nucleus accumbens core and shell, 

dorsal striatum, and hippocampus, and also to frontal-cortical areas such as the PFC and the 

“cortical-like” amygdala (Beckstead et al., 1979; Fields et al., 2007; Ikemoto, 2007; Swanson, 

1982). The VTA receives GABAergic inputs from the nucleus accumbens, ventral pallidum, and 

habenula, and glutamatergic inputs from hippocampus and PFC, all of which regulate dopamine 

signaling (Carr and Sesack, 2000; Geisler and Zahm, 2005; Kalivas, 1993; Watabe-Uchida et al., 

2012). The nucleus accumbens in particular sits at an important junction within this system, 

receiving the densest dopamine projections from VTA, as well as having reciprocal connections 

with the ventral pallidum, amygdala, hippocampus, and PFC/ACC/OFC (Berendse et al., 1992; 

Brog et al., 1993; Fields et al., 2007; Heimer et al., 1991; Hurley et al., 1991; Ikemoto, 2007; 

Kelley and Domesick, 1982; Kelley et al., 1982; Mogenson, 1987; Nauta et al., 1978; Zahm, 

2000). Within the thalamus, the mediodorsal nucleus acts as an indirect relay between these 
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cortical and subcortical structures, as it receives input from the ventral pallidum, and sends 

projections to frontal cortical areas (Groenewegen, 1988; Ongur and Price, 2000; Ray and Price, 

1992).  

The ability of cues to act as incentive stimuli is dependent on the functional integrity of this 

motivational circuit, though the specific cells and systems required for each psychological 

process are somewhat dissociable (Cardinal et al., 2002a; Milton and Everitt, 2010). Conditioned 

approach: Pavlovian conditioned approach is dependent on signaling within nucleus accumbens, 

central amygdala, ACC, and OFC (Blaiss and Janak, 2009; Chudasama and Robbins, 2003; 

Parkinson et al., 1999; Parkinson et al., 2000a; Parkinson et al., 2000b). Conditioned 

reinforcement: The conditioned reinforcing properties of reward cues are dependent on the 

ventral striatum (likely nucleus accumbens), OFC, and basolateral amygdala (Burke et al., 2007, 

2008; McDannald et al., 2011; Parkinson et al., 2001). Conditioned motivation: The neural 

systems supporting the ability of reward cues to produce a conditioned motivational state have 

been most clearly examined using PIT procedures. These studies suggest that the general and 

outcome-specific versions of PIT have somewhat dissociable neural substrates. For example, 

while both forms require an intact VTA, general PIT is dependent on the nucleus accumbens 

core, central amygdala, and dorsolateral striatum, while specific PIT requires the nucleus 

accumbens shell, basolateral amygdala, OFC, mediodorsal thalamus, and dorsomedial striatum 

(Corbit and Janak, 2007a; Corbit and Balleine, 2005, 2011; Corbit et al., 2007; Corbit et al., 

2001; Hall et al., 2001; Holland and Gallagher, 2003; Murschall and Hauber, 2006; Ostlund and 

Balleine, 2007, 2008).  

Cue processing within dopamine systems 
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Within the larger, distributed reward circuits described above, signaling in dopamine neurons 

projecting from the VTA to ventral striatal regions such as the nucleus accumbens is thought to 

be central to motivated behavior. Considerable debate exists, however, about dopamine’s exact 

role, or roles, in reward (Beeler et al., 2012; Berke and Hyman, 2000; Berridge, 2007; Berridge 

and Robinson, 1998; Bromberg-Martin et al., 2010; Di Chiara, 1998; Ikemoto, 2010; Robinson et 

al., 2005; Salamone and Correa, 2012; Salamone et al., 2007; Saunders and Richard, 2011; 

Schultz, 2007; Wise, 2004). One view is that phasic signaling of dopamine neurons provides a 

“prediction-error” signal necessary for learning stimulus-reward associations (Bayer and 

Glimcher, 2005; Montague et al., 1996; Schultz et al., 1997). This hypothesis stems from 

electrophysiological recordings of dopamine neurons in the VTA and substantia nigra, as well as 

electrochemical measurements of actual dopamine release within the nucleus accumbens. These 

studies show that a phasic dopamine response that initially occurs to an unexpected reward (US), 

over the course of training, transfers in time to the CS that predicts reward delivery (Cohen et al., 

2012; Day et al., 2007; Pan et al., 2005; Schultz, 1998; Schultz et al., 1997; Waelti et al., 2001). 

Additionally, these studies suggest that dopamine signaling also modifies cached predictive 

associations. For example, if a reward is bigger than expected based on the CS’s current learned 

predictive value, dopamine neurons fire more, if it is smaller than expected, they fire less (i.e., a 

negative prediction error), leading to new learning (Pan et al., 2005; Schultz et al., 1997; Waelti 

et al., 2001).  

Alternatively, others have argued that mesolimbic dopamine is not necessary for learning 

stimulus-reward associations per se, but for conferring learned reward cues with incentive 

salience, transforming them into “wanted”, motivationally potent incentive stimuli (Berridge, 

2007; Berridge, 2012; Berridge and Robinson, 1998). An important prediction from the incentive 
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salience hypothesis of dopamine is that changes in dopamine signaling can modify the 

motivational value of learned CSs ‘on-the-fly’, without the need to re-experience CS-US pairing 

(Zhang et al., 2012; Zhang et al., 2009). This is in contrast to learning-based accounts (Daw et 

al., 2005; Schultz et al., 1997; Sutton, 1988), which state that dopamine prediction errors update 

the learned value of a CS incrementally, on a trial-by-trial basis. It has been difficult to separate 

the potential contribution dopamine makes to learning from its contribution to incentive salience, 

because reward cues often acquire these properties together. However, recent studies have 

exploited individual variation in the tendency to attribute cues with motivational value, as 

discussed below, to dissociate these properties of reward cues (Berridge and Robinson, 2003; 

Robinson and Flagel, 2009). This will be addressed in the experiments in chapter 2. 

Individual differences in responsivity to reward-associated stimuli 

In the sections above, I reviewed how if reward-associated stimuli acquire incentive 

motivational properties they can guide behavior, by eliciting conditioned approach, serving as 

conditioned reinforcers, and by instigating conditioned motivational states. Importantly, 

however, accumulating evidence suggests individuals vary dramatically in the degree to which 

food-associated cues acquire these motivational properties.  

It turns out there is considerable individual variation in the extent that CS-US pairing leads to 

the development of a strong sign-tracking (ST) conditioned approach CR (Tomie et al., 2000). 

Zener (1937) first described such variation in dogs, for which a bell was paired with the delivery 

of food. These studies were nearly identical to those done by Pavlov, but in his case Zener 

released the dogs from their harnesses, allowing them to move freely. Zener found that the type 

of CR the CS came to elicit varied across dogs. Some dogs exhibited “small but definite 

movement of approach toward the conditioned stimulus…followed by a backing up later to a 
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position to eat”; similar to what was later called sign-tracking behavior. Other dogs, however, 

exhibited “an initial glance at the bell” followed by “a constant fixation…to the food pan” (p. 

391). Studies after this described similar individual variation in approach behavior, but Boakes 

(1977) was the first to systematically describe goal location-directed conditioned approach in the 

context of autoshaping experiments, which he termed “goal-tracking (GT)”. I will use this 

ST/GT terminology here in respect of historical precedence. 

This individual variation in conditioned approach behavior has recently been explored in a 

series of studies in rats utilizing a simple Pavlovian conditioning procedure, in which the 

extension of a lever (the CS) is paired with delivery of a food pellet (the US) into an adjacent 

food hopper. Under these conditions, where a discrete localizable cue that can also be 

manipulated is presented (versus, for example, a tone), some rats come to preferentially approach 

and engage the lever-CS itself (sign-trackers; “STs”), as described above. However, upon lever-

CS presentation other rats (goal-trackers; “GTs”), initially glance at the lever-CS, but then go 

immediately to the food hopper (Figure 1.2), and make head and mouth movements in the 

hopper while awaiting food delivery (Mahler and Berridge, 2009). Yet other rats are ambivalent, 

alternating responses (Flagel et al., 2007; Meyer et al., 2012a). Both STs and GTs appear to learn 

their respective CRs at the same rate, indicating that the food cue is an equally effective CS – it 

evokes a reliable approach CR in both – the conditioned approach response is just directed to 

different locations in the environment (Robinson and Flagel, 2009). Critically, the different 

approach behaviors of STs and GTs are not a reflection of general differential learning 

capabilities, as both groups learn a variety of tasks equally well (Morrow et al., 2011; Robinson 

and Flagel, 2009; Saunders and Robinson, 2010). Rather, we have suggested that variation in the 

topography of the CR reflects underlying variation in the propensity to attribute incentive 
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salience to discrete Pavlovian CSs (Flagel et al., 2009; Flagel et al., 2007; Meyer et al., 2012a; 

Robinson and Flagel, 2009). Thus, only for STs does the discrete cue acquire those incentive 

stimulus properties that make it attractive.  

Consistent with this interpretation, there is also considerable individual variation in the extent 

to which reward-associated cues acquire conditioned reinforcing properties. For example, for 

STs, the same food cue that was attractive during Pavlovian training is also an effective 

conditioned reinforcer (i.e., these rats will learn a new instrumental response for presentations of 

just the cue). For GTs, however, who did not approach the lever but instead the food hopper, the 

lever is a comparatively less effective conditioned reinforcer (Lomanowska et al., 2011; Meyer 

et al., 2012a; Robinson and Flagel, 2009). Furthermore, Yager and Robinson (2010) found that a 

food-associated cue was more effective in reinstating food-seeking behavior after extinction in 

STs than in GTs. These studies provide additional support for the hypothesis that STs and GTs 

differ in their propensity to attribute incentive salience toward some types of reward-associated 

cues (Meyer et al., 2012a). While several studies have characterized individual variation in the 

propensity to attribute incentive salience to reward cues by assessing their ability to motivate 

approach behavior, and act as conditioned reinforcers, few have assessed variation in the ability 

of cues to evoke a conditioned motivational state, as measured specifically with PIT procedures. 

To our knowledge, only one study has examined individual variation in PIT. Barker et al. (2012) 

recently found that mice vary in the degree that a food-associated CS invigorates food-seeking 

behavior.  

In summary, many studies, using a variety of procedures, indicate that Pavlovian stimuli, in 

addition to informing an individual about upcoming rewards, can acquire powerful incentive 

properties. While there is little disagreement about this general concept, it is important to point 
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out that it is often assumed, either explicitly or implicitly, that a CS will also necessarily function 

as an incentive stimulus – that is, CSs generally also act as incentive stimuli. The individual 

differences in reward-cue responsivity described above, however, demonstrate that this 

assumption is not valid. For both STs and GTs a discrete localizable Pavlovian cue serves as an 

effective CS, evoking CRs, but it is attributed with incentive salience to a much greater degree in 

STs than GTs. Thus, a discrete food cue acquires the ability to instigate conditioned approach 

towards it, to act as a powerful conditioned reinforcer, and to arouse a conditioned motivational 

state to a greater extent in STs than GTs. This leads to the following conclusion: the conditional, 

predictive relationship between a CS and a US is not sufficient to confer motivational properties 

to the CS (Robinson and Flagel, 2009). For that to occur, learned cues must be attributed with 

incentive salience (Berridge, 2007; Zhang et al., 2012; Zhang et al., 2009). 

As described above, drug-associated cues are critically involved in the development of 

maladaptive reward-seeking behavior, as evidenced by disorders such as drug addiction. 

Importantly, there are large differences in the vulnerability to develop addiction-related 

disorders. For example, only a small subset of the general population ever becomes addicted to 

drugs, even though the vast majority of people use a potentially addictive substance at some 

point in their lives (Anthony et al., 1994). Based on the studies demonstrating individual 

variation in responsivity to food-related cues described above, I suggest that a possible source of 

variation in susceptibility to maladaptive drug use may be differences in the ability of drug cues 

to gain motivational control over behavior. Specifically, individuals for whom drug cues acquire 

exaggerated incentive salience will find them difficult to resist, and will therefore be more 

vulnerable to developing the persistent and compulsive patterns of drug seeking characteristic of 

addiction.  
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Summary of the present experiments 

With the experiments described in this dissertation I aim to better understand individual 

variation in reward cue responsivity, with the goal of achieving two aims. 1) Better understand 

the neural systems that underlie variation in Pavlovian conditioned approach responses. 2) 

Determine whether individual variation in the tendency to attribute incentive motivational value 

to a discrete food cue, as measured by conditioned approach behavior, predicts variation in 

responsivity to a variety of drug-associated cues. 

Chapter 2: Dopaminergic regulation of individual variation in Pavlovian conditioned approach 

Previous work has demonstrated that the acquisition of a sign-tracking CR is dependent on 

dopamine signaling, but the acquisition of a goal-tracking CR is not (Flagel et al., 2011b). It 

remained unclear from this study, however, the role of dopamine in the performance of already 

acquired sign- and goal-tracking behavior. In this chapter (Saunders and Robinson, 2012), I 

investigated this by administering flupenthixol, a nonselective dopamine receptor antagonist, 

directly into the nucleus accumbens core of rats after they had learned stable sign- and goal-

tracking behavior. I found that flupenthixol dose-dependently attenuated a sign-tracking CR, but 

had little to no effect on a goal-tracking CR. Additionally, after administration of flupenthixol 

into the accumbens, sign-tracking behavior was fully impaired on the very first trial, before new 

learning via updated prediction-errors could occur. Consistent with the incentive salience 

hypothesis of dopamine function, this suggests that fluctuations in mesolimbic dopamine 

signaling can dynamically modify the motivational value of reward cues, without the need to re-

experience the CS-US association (see Berridge, 2012; Zhang et al., 2012; Zhang et al., 2009).  

Chapter 3: Individual variation in the ability of a discrete cocaine cue to maintain self 

administration and serve as a conditioned reinforcer to reinstate extinguished drug seeking  
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Discrete drug cues are important for the maintenance of self-administration behavior (Schenk 

and Partridge, 2001), and can reinstate extinguished drug seeking by reinforcing drug-seeking 

and -taking actions (i.e., by acting as conditioned reinforcers) (Shaham et al., 2003). In this 

chapter (Saunders and Robinson, 2010), I investigated whether a discrete cocaine cue was 

differentially important for maintaining self-administration behavior and reinstating extinguished 

drug seeking in STs and GTs. I trained STs and GTs to self administer cocaine in the presence of 

a discrete visual cue. Once rats reached stable behavior, I removed the cue, though left cocaine 

available. This resulted in a large reduction in the rate of self administration of STs, but not GTs. 

Furthermore, I trained a separate group of STs and GTs to self administer, then extinguished 

them. On a reinstatement test day, they then had the opportunity to respond, under extinction 

conditions, to receive the cocaine-associated cue. I found that under these conditions, STs 

showed much more robust reinstatement compared to GTs. Thus, discrete drug cues acquire 

greater control over drug seeking, and greater conditioned reinforcing power, in individuals for 

whom a discrete food cue also acquires these properties. 

Chapter 4: Individual variation in the ability of a discrete cocaine cue to instigate reinstatement 

in the face of adverse consequences: role of accumbens dopamine 

In addition to acting as conditioned reinforcers, drug cues can also promote reinstatement by 

evoking conditioned motivational states that spur drug-seeking actions (Milton and Everitt, 

2010). This is an important mechanism by which craving is generated in human addicts, but most 

preclinical studies utilize a procedure (described above) that only allows for a clear assessment 

of the conditioned reinforcing properties of the cue. In this chapter, I utilized a novel procedure 

akin to PIT to investigate differences in the ability of a Pavlovian cocaine cue to instigate an 

instrumental action in STs and GTs. I trained rats to self administer cocaine in the presence of a 
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discrete visual cue, but then instead of extinction, I imposed escalating negative consequences 

(footshock) to drug seeking, such that rats discontinued cocaine use on their own. I then 

presented rats with a reinstatement test session during which the cocaine cue was presented to 

them noncontingently. STs reinstated much more in response to the discrete noncontingent cue, 

relative to GTs. Additionally, I found that antagonism of dopamine transmission in the nucleus 

accumbens core blocked this cue-evoked drug seeking, while potentiation of dopamine release, 

via administration of amphetamine in the core, potentiated reinstatement. This suggests that there 

are considerable individual differences in the ability of a Pavlovian cocaine cue to evoke a 

conditioned motivational state that instigates instrumental drug-seeking actions, and dopamine 

signaling within the accumbens core is causally involved in the generation and/or maintenance of 

this conditioned motivational state. 

Chapter 5: Individual variation in the motivational properties of cocaine and cocaine-primed 

reinstatement 

In addition to external stimuli, the internal state produced by the interoceptive cues 

associated with drugs themselves is important for the maintenance and reinstatement of drug 

seeking behavior (Stewart et al., 1984), because they evoke conditioned motivational states that 

instigate or invigorate behavior. In this chapter (Saunders and Robinson, 2011b), I investigated 

ST/GT variation in the motivational properties of cocaine itself. I trained STs and GTs to self 

administer cocaine in the absence of any explicitly-paired discrete cues. Once stable behavior 

was achieved, I shifted the response requirement to a progressive ratio schedule, which required 

rats to make more and more responses for every cocaine infusion. I found that STs continued 

responding for cocaine for much longer than GTs, reaching significantly higher “breakpoints” on 

the progressive ratio schedule. Following extinction training, I then tested the ability of cocaine 
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itself to reinstate cocaine seeking. Rats received an i.p. injection of cocaine before a final 

extinction session. STs, under these conditions, reinstated much more in response to the cocaine 

“prime” relative to GTs. These results suggest that there are also large individual differences in 

the ability of drugs themselves to evoke conditioned motivational states to maintain and reinstate 

drug seeking. 

Chapter 6: Individual variation in cocaine context conditioning: role of accumbens core 

dopamine 

Contextual stimuli, like discrete and interoceptive cues, are also important for the regulation 

of reward-seeking behavior. For example, returning rats to a drug-associated context, after they 

were extinguished in an alternate context, results in robust reinstatement of drug seeking (Fuchs 

et al., 2005). In this chapter, I investigated the extent to which there is individual variation in the 

ability of drug-related contextual information to motivate behavior. First, I examined conditioned 

hyperactivity in response to a cocaine context. STs and GTs received cocaine injections either 

paired with a unique test chamber, or unpaired in their home cage. On the test day, I injected all 

rats with saline, and found that GTs showed greater locomotor behavior when placed in the 

cocaine-associated context, relative to STs. In a second experiment, I trained STs and GTs to self 

administer cocaine in the absence of any explicitly-paired discrete cues. Rats were then 

extinguished in either the cocaine-training context, or a novel context. For the reinstatement 

session, all rats returned to the cocaine context. I found that under these conditions, GTs 

reinstated much more than STs. In a follow-up experiment, I redid the context reinstatement 

study, but administered flupenthixol into the nucleus accumbens core just prior to the 

reinstatement test. This manipulation blocked the context-induced reinstatement in GTs. These 

studies suggest that GTs preferentially assign motivational value to contextual reward-related 
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information, and dopamine signaling in the accumbens core is necessary for the expression of 

that motivational value. Taken together with my other studies, these results indicate that STs are 

not necessarily more vulnerable to addiction-like traits, as we have suggested, but that STs and 

GTs have different vulnerabilities, given that their brains process motivationally relevant 

information differently. 
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Figure 1.1. Major brain systems involved in processing reward-associated stimuli. This 
sagittal view of a rat brain shows some of the major regions that are “engaged” by experience 
with rewards and associated stimuli.  
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Figure 1.2. Representative pictures of a rat engaged in a ST CR (left), directed at the discrete CS 
(lever), and a rat engaged in a GT CR (right), directed at the food hopper, during the CS period 
(note that the lever is extended in both pictures). 
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Chapter 2 

The role of accumbens core dopamine in the expression of Pavlovian conditioned responses 

Introduction 

There is general agreement that dopamine signaling within mesolimbic brain circuitry 

contributes to reward, but its exact role is less clear. One view is that phasic dopamine activity 

provides a prediction-error signal necessary for learning stimulus-reward associations (Bayer and 

Glimcher, 2005; Montague et al., 1996; Schultz et al., 1997). In contrast, others have argued that 

dopamine is not necessary for learning, but for attributing incentive salience to reward cues 

(Berridge, 2012; Berridge and Robinson, 1998; Zhang et al., 2012). It is difficult to parse these 

psychological functions, because the predictive and incentive values of reward-associated stimuli 

are strongly correlated and often change together. However, individuals vary in the extent to 

which they attribute reward cues with motivational properties, and this variation can be exploited 

to dissociate these components of reward (Berridge and Robinson, 2003; Flagel et al., 2009; 

Robinson and Flagel, 2009).  

When a Pavlovian conditional stimulus (CS) predicts delivery of a food reward (US), only in 

some animals (sign-trackers, STs; Hearst and Jenkins, 1974) does the cue become attractive, 

eliciting approach towards it, and become desired, in that animals will work to obtain it 

(Robinson and Flagel, 2009). For others (goal-trackers, GTs; Boakes, 1977) the cue itself is not 

attractive, and is less desirable, but nevertheless, it comes to reliably evoke conditioned approach 

towards the location of impending food delivery (Flagel et al., 2011b; Lomanowska et al., 2011;
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Robinson and Flagel, 2009). Thus, the cue is an equally predictive and effective CS for both STs 

and GTs, and it comes to evoke a conditioned response (CR) in both, but only in STs is the 

predictive CS attributed with incentive salience, rendering it an attractive and desirable 

“incentive stimulus” (Flagel et al., 2009). 

Flagel et al. (2011b) took advantage of this variation to examine the role of dopamine in 

stimulus-reward learning. They reported that learning a ST CR, but not a GT CR, was associated 

with transfer of a phasic dopamine signal from the US to CS, and systemic injection of a 

dopamine antagonist prevented learning of a ST CR, but not a GT CR (see also Danna and 

Elmer, 2010). They suggested, therefore, that dopamine plays a selective role in attributing 

incentive salience to reward cues during learning. Flagel et al. (2011b) also reported that the 

performance of both sign and goal-tracking was impaired by dopamine antagonism. However, it 

is difficult to interpret this result, because the effects occurred at doses that also produced 

nonspecific reductions in motor activity. The purpose of this study was to further explore the role 

of dopamine in the performance of these two forms of Pavlovian conditioned approach, after 

they were acquired, using intracerebral drug administration to obviate nonspecific effects of 

dopamine antagonism on behavior. We focused on the core of the nucleus accumbens (NAcC), 

because of the considerable evidence this region is critical in mediating the learning and 

performance of motivated behaviors (Cardinal et al., 2002a; Ikemoto and Panksepp, 1999), and 

because it shows dopamine prediction-error signals (Day et al., 2007). 

Materials and Methods 

Subjects 

Male Sprague Dawley rats (N=53) (Harlan, IN) weighing 275-325 grams at surgery were 

individually housed in a temperature and humidity controlled colony room kept on a 12-hr 
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light/12-hr dark cycle (lights on at 0800 hr). Water and food were available ad libitum (i.e., rats 

were not food deprived at any time). After arrival rats were given one week to acclimate to the 

colony room before testing began. During this period they were repeatedly handled by the 

experimenters. All procedures were approved by the University of Michigan Committee on the 

Use and Care of Animals (UCUCA). 

Apparatus 

Behavioral testing was conducted in standard (30.5 x 24.1 x 21 cm) test chambers (Med 

Associates Inc., St. Albans, VT, USA) located inside sound-attenuating cabinets. A ventilating 

fan masked background noise. For Pavlovian training each chamber had a food cup located in the 

center of one wall, 3 cm above a stainless steel grid floor. Head entries into the food cup were 

recorded by breaks of an infrared photobeam located inside. A retractable lever that could be 

illuminated from behind was located 2.5 cm to the left or right of the food cup, approximately 6 

cm above the floor. The location of the lever with respect to the food cup was counterbalanced 

across rats. On the wall opposite the food cup, a red house light remained illuminated throughout 

all experimental sessions. Lever deflections and beam breaks were recorded using Med 

Associates software. 

Surgery 

Rats were anesthetized with ketamine hydrochloride (100 mg/kg i.p.) and xylazine (10 mg/kg 

i.p.) and positioned in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA). The skull 

of each rat was leveled and chronic guide cannulae (22 gauge stainless steel; Plastics One) were 

inserted bilaterally 2 mm above the target site in the NAcC (relative to Bregma: anterior +1.8 

mm; lateral +1.6 mm; ventral -5.0 mm). Guide cannulae were secured with skull screws and 

acrylic cement, and wire stylets (28 gauge, Plastics One) were inserted to prevent occlusion. 
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After surgery, rats received antibiotic and carprofen (5 mg/kg) for pain. Rats were allowed to 

recover from surgery for at least 7 days before testing began.  

Microinjections 

Dopamine receptor blockade was achieved with microinjections of the relatively nonspecific 

dopamine receptor antagonist, flupenthixol (Sigma, St. Louis, MO). We chose a nonspecific 

antagonist in order to block all actions of endogenous dopamine within the NAcC, to assess the 

general (i.e., not specific to a particular receptor) function of dopamine in the expression of 

different forms of Pavlovian conditioned approach behavior. Flupenthixol was administered in 

four doses: 0, 5, 10, and 20 µg in 0.9% sterile saline. Drug doses were based on previous studies 

(e.g., Di Ciano et al., 2001). Intracerebral microinjections were made through 28 gauge injector 

cannulae (Plastics One) lowered to the injection site in the NAcC (ventral -7.0 mm relative to 

skull), 2 mm below the ventral tip of the guide cannulae. During infusions, rats were gently held 

by the experimenter. All infusions were administered bilaterally in a volume of 0.5 µl/side, 

delivered over 90 s using a syringe pump (Harvard Apparatus, Holliston, MA) connected to 

microinjection cannulae via PE-20 tubing. After infusions, the injectors were left in place for 60 

s to allow for drug diffusion before being withdrawn and replaced with wire stylets. All infusions 

were separated by at least 1 additional day of behavioral testing without treatment. 

Procedure 

Pavlovian training: Pavlovian training procedures were the similar to those described 

previously (Flagel et al., 2007; Saunders and Robinson, 2010). For two days prior to the start of 

training, 10 banana-flavored pellets (45 mg, BioServe, #F0059; Frenchtown, NJ) were placed in 

the home cages to familiarize the rats with this food. Approximately one week after surgery, rats 

were placed in the test chambers, with the lever retracted, and trained to retrieve pellets from the 
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food cup by presenting 25 45-mg banana pellets on a variable time (VT) 30-sec schedule. All 

rats retrieved the pellets and therefore the next day they began Pavlovian training. Each trial 

consisted of insertion (and simultaneous illumination) of the lever (CS) into the chamber for 8 s, 

after which time the lever was retracted and a single food pellet (US) was immediately delivered 

into the adjacent food cup. Each training session consisted of 25 trials in which CS-US pairings 

occurred on a variable time (VT) 90-s schedule (the time between CS presentations varied 

randomly between 30 and 150 s). Lever deflections, food cup entries during the 8-s CS period, 

latency to the first lever deflection, latency to first food cup entry during the CS period, and food 

cup entries during the inter-trial interval were measured. 

Quantification of behavior using an index of Pavlovian conditioned approach (PCA): For 

some analyses rats were classed into three groups: (1) Those who preferentially interacted with 

the lever (“sign-trackers”, STs), (2) those who preferentially interacted with the food cup during 

lever presentation (“goal-trackers”, GTs), and (3) those who had no clear preference for the lever 

or food cup (“intermediates”, INs). The extent to which behavior was lever (CS) or food-cup 

directed was quantified using a composite index (Lovic et al., 2011; Meyer et al., 2012b; 

Saunders and Robinson, 2011b) that incorporated three measures of Pavlovian conditioned 

approach: (1) the probability of either deflecting the lever or entering the food cup during each 

CS period [P(lever) - P(food cup)]; (2) the response bias for contacting the lever or the food cup 

during each CS period [(#lever deflections - #food-cup entries) / (#lever deflections + #food-cup 

entries)]; and (3) the latency to contact the lever or the food cup during the CS period [(lever 

deflection latency - food-cup entry latency) / 8]. Thus, the Pavlovian conditioned approach index 

(PCA Index) score consisted of [(Probability difference score + Responses bias score + Latency 

difference score) / 3]. This formula produces values on a scale ranging from -1.0 to +1.0, where 
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scores approaching -1.0 represent a strong food cup-directed bias and scores approaching +1.0 

represent strong lever-directed bias. The average PCA Index score for days 4 and 5 of training 

was used to class rats. Rats were designated STs if they obtained an average index score of +0.5 

or greater (which means they directed their behavior towards the lever at least twice as often as 

to the food cup), and as GTs if they obtained a score of -0.5 or less. The remaining rats within 

the -0.49/+0.49 range were classed as INs. 

Experiment 1: The effect of flupenthixol on two forms of Pavlovian conditioned approach 

behavior: 10 min between drug treatment and testing 

Training and microinjection tests: Rats initially underwent Pavlovian training for 8 

consecutive days, with no drug pretreatment, as described above. After the 8th day of training, by 

which time conditioned responding had stabilized, rats were given a vehicle microinjection 

before the next training session. Each rat was subsequently given an injection of each of three 

doses of flupenthixol (5, 10, and 20 µg) in a counterbalanced order, followed by a second vehicle 

injection before the final session. After all microinjections, rats were placed in holding boxes for 

approximately 10 minutes before being moved to the testing chambers for the start of the session. 

The days rats received microinjections were separated by 1-2 days of additional Pavlovian 

training without pretreatment to ensure conditioned responding was maintained between 

treatments. 

Video coding of orienting behavior: A subset of STs (n=8) was video recorded during vehicle 

and flupenthixol administration sessions. Video was scored offline to quantify approach/contact 

and orientation to the CS. An orientation response was scored if the rat made a head and/or body 

movement in the direction of the lever during the period it was extended, even if it did not 
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approach or contact the CS. A contact was scored if the rat approached and touched the lever 

with its nose, mouth, and/or forepaw, even if contact failed to produce a deflection of the lever.  

Experiment 2: The effect of flupenthixol on lever (CS) directed Pavlovian conditioned approach 

behavior: 35 min between drug treatment and testing 

Training and microinjection tests: A separate group of STs (n=11) were tested in order to 

investigate the time course of flupenthixol effects found in Experiment 1 (see below). These rats 

received Pavlovian training exactly as in Experiment 1, for 10 sessions, then received vehicle 

and flupenthixol (20 µg) injections, in a counterbalanced order, before separate test sessions. 

Following microinjections, rats were placed in holding chambers for 35 minutes and then moved 

to the testing chambers for the start of the session.  

Extinction: After the last test with a drug injection all rats were trained for three additional 

days, to once again stabilize performance, and then all underwent extinction training over the 

next four consecutive days. For these four sessions, no food pellets were delivered upon lever 

retraction, but conditions were otherwise the same as during Pavlovian training. Rats received a 

vehicle microinjection before the first extinction session. 

Histology 

After the completion of all behavioral testing, rats were anesthetized with an overdose of 

sodium pentobarbital and their brains were removed and flash frozen in isopentane chilled to 

approximately -30 C by a mixture of isopropyl alcohol and dry ice. Frozen brains were sectioned 

on a cryostat at a thickness of 60 µm, mounted on slides, air-dried, and stained with cresyl violet. 

Microinjection sites were verified by light microscopy and plotted onto drawings from a rat brain 

atlas (Paxinos and Watson, 2007).   
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Statistical Analyses 

Linear mixed-models (LMM) analyses of variance (ANOVA) were used for all repeated-

measures data. The best-fitting model of repeated measures covariance was determined by the 

lowest Akaike information criterion score (Verbeke, 2009). Depending on the model selected, 

the degrees of freedom were adjusted to a non-integer value, however, according to journal 

instructions, we report the unadjusted degrees of freedom alongside the LMM results. Significant 

interactions were followed by main effects and planned comparisons. Bonferroni corrections 

were used for planned comparisons between vehicle and each drug dose where appropriate. 

Paired t tests were used to compare mean order scores of IN rats and to compare mean 

orientation and contact behavior from video coded data. Statistical significance was set at p < 

0.05.  

Also note that in Experiment 1 we found that the drug did not start to have much effect until 

about half way through the session, and so we conducted Experiment 2 to determine if this was 

because of a delayed onset of drug action. We determined that, indeed, there was a delay before 

the drug exerted its full effect. Therefore, the data shown for Experiment 1 (Figures 2.2, 2.4, 2.5, 

and 2.7) are from trials 13-25, because this is when we determined the drug exerted its full 

behavioral effects (see Figure 2.6A). The full session data were also analyzed for all measures 

described, and similar effects were found. For the sake of brevity, we chose not to present the 

full session data, but only data from trials 13-25 for Figures 2.2, 2.4, 2.5, and 2.7. Although both 

analyses resulted produced a similar pattern of results, the effect is most clearly illustrated in the 

later trials, not surprisingly, because only in these trials was the drug exerting its full effect. 

Results 

Experiment 1: Individual variation in Pavlovian conditioned approach behavior 
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Figure 2.1 (top) illustrates the degree of individual variation in conditioned responding in the 

rats used in Experiment 1, by plotting the distribution of individual PCA Index scores (n=42). 

There was wide variation in the type and prevalence of different forms of Pavlovian conditioned 

approach behavior. The type of response made on each single trial was categorized as: (1) 

Contact with the food cup only (CUP ONLY), (2) contact with the lever only (LEVER ONLY), 

(3) contact with the food cup first followed by a lever contact (CUP FIRST; i.e., both responses 

occurred within the same 8-s CS period), (4) contact with the lever first followed by a food cup 

contact (LEVER FIRST), and (5) no food cup or lever contacts (NONE). The percentage of trials 

with each type of response was averaged over training sessions 4-8, which corresponded to the 

emergence of stable PCA behavior (see below), and for illustrative purposes we grouped rats into 

4 subgroups based on their PCA Index scores. As shown in Figure 2.1 (bottom), the distribution 

of response types varied markedly as a function of PCA Index score. Rats with Index scores in 

the most negative range (-1.0 to -0.5) made over 90% CUP ONLY and CUP FIRST trials (Figure 

2.1, left pie graph). Rats with scores between -0.49 and 0 were also biased toward the food cup 

on a majority of trials, showing 59% CUP ONLY and CUP FIRST trials, but also exhibited 

substantial lever-directed behavior, with 30% LEVER ONLY and LEVER FIRST trials (Figure 

2.1, second pie graph). Within the 0 to +0.49 score range, rats were biased towards the lever on a 

majority of trials, with 74% LEVER FIRST and LEVER ONLY trials, but still had a sizable 

proportion of food cup trials, with 20% CUP ONLY and CUP FIRST trials (Figure 2.1, third pie 

graph). Finally, rats with scores from +0.5 to +1.0 made over 90% LEVER ONLY and LEVER 

FIRST responses (Figure 2.1, right pie graph). Note that rats with scores on the extreme ends of 

the Index distribution almost exclusively made ONLY responses, whereas rats with intermediate 

scores had large numbers of BOTH trials (i.e., CUP FIRST or LEVER FIRST). 



	

35 
	

Flupenthixol selectively impairs the expression of lever (CS) directed behavior 

The effect of flupenthixol on two forms of Pavlovian conditioned approach behavior was 

analyzed in two different ways. In the first analysis rats were not subdivided into groups based 

on their behavior, but the analysis was based on the type of conditioned response (CR) observed 

on every individual trial, in each individual rat tested in Experiment 1 (i.e., independent of a rat’s 

PCA Index score). A lever-directed CR was defined as a trial on which a rat made either a 

LEVER ONLY or a LEVER FIRST response (Figure 2.2, panels A-C). A food cup-directed CR 

was defined as a trial on which a rat made either a CUP ONLY or CUP FIRST response (Figure 

2.2, panels D-F). As noted in the Methods section (Statistical Analyses), the data presented in 

Figure 2.2 correspond to trials 13-25 of experimental sessions, to capture the period when the 

drug exerted its effect (see below). 

Probability: A two-way ANOVA comparing the effect of flupenthixol (vehicle, 5, 10, or 20 

µg) as a function of CR type (lever versus food cup-directed responses) showed that flupenthixol 

reduced the probability of responding during the CS period (effect of treatment, F(3,41) = 17.444, 

p < 0.001), but this effect varied depending on whether the CR was directed towards the lever or 

towards the food cup (CR type X treatment interaction, F(3,41) = 5.036, p = 0.005; Figure 2.2A 

and 2.2D). One-way ANOVAs revealed that flupenthixol dose-dependently reduced the 

probability of a lever-directed CR (effect of treatment, F(3,41) = 9.378, p < 0.001; Figure 2A), but 

had no significant effect on the probability of a food cup-directed CR (no effect of treatment, 

F(3,41) = 0.330, p = 0.803; Figure 2.2D).   

Contacts: Similarly, flupenthixol reduced the total amount of responding, indicated by the 

total number of contacts made during CS presentation (effect of treatment, F(3,41) = 19.450, p < 

0.001), but the magnitude of the effect again varied by type of CR (CR type X treatment 
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interaction, F(3,41) = 3.988, p = 0.015; Figure 2.2B and 2.2E). Flupenthixol produced a reduction 

in number of lever deflections at all doses tested (effect of treatment, F(3,41) = 9.675, p < 0.001; 

Figure 2.2B). There was a significant effect of flupenthixol on the number of head entries into 

the food cup during the CS period (effect of treatment, F(3,41) = 4.305, p = 0.010), but this effect 

was more modest, as indicated by the significant interaction (above) and that the effect was 

significant only after treatment with the highest dose of flupenthixol (Figure 2.2E).  

Latency: Finally, the latency to make a CR upon CS presentation was increased by 

flupenthixol (effect of treatment, F(3,41) = 19.540, p < 0.001), but only for lever-directed 

responses (CR type X treatment interaction, F(3,41) = 4.953, p = 0.005; Figure 2.2C and 2.2F). 

One-way ANOVAs revealed that the latency to contact the lever was increased (effect of 

treatment, F(3,41) = 13.779, p < 0.001; Figure 2.2C), but the latency to make a head entry into the 

food cup was unaffected (no effect of treatment, F(3,41) = 1.871, p < 0.151; Figure 2.2F). 

Flupenthixol influences behavior to a greater extent in sign-trackers than goal-trackers 

We next analyzed the data by classing rats as STs or GTs based on their PCA Index score, as 

described above and elsewhere (Saunders and Robinson, 2011b). GTs were defined as rats with 

PCA scores between -1.0 and -0.5, who made over 90 % CUP ONLY and CUP FIRST trials 

during training (Figure 2.1, left pie graph). STs were defined as rats with PCA scores between 

+0.5 and +1.0, who made over 90 % LEVER ONLY and LEVER FIRST trials during training 

(Figure 2.1, right pie graph). Intermediates (INs) had PCA scores between -0.49 and +0.49 

(Figure 2.1, middle pie graphs). Figure 2.3 shows the time course of learning Pavlovian 

conditioned approach responses in animals grouped in this fashion, across the initial 8 days of 

training. Similar to previous reports (Flagel et al., 2007), with training, rats classed as STs 

developed a high probability of rapidly approaching and vigorously engaging the lever (Figure 
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2.3A-C), rarely contacting the food cup. In contrast, rats classed as GTs learned to rapidly 

approach and enter the food cup upon CS onset, and rarely contacted the lever itself (Figure 

2.3D-F). The approach behavior of INs vacillated between lever and food cup, as they showed a 

similar likelihood of contacting the lever or entering the food cup during lever extension, and did 

so with similar latencies. Thus, these data clearly illustrate that, as a function of CS-US pairing, 

both STs and GTs acquired a conditioned response (they both learned), as we have reported 

previously (Robinson and Flagel, 2009; Saunders and Robinson, 2010; Yager and Robinson, 

2010), they just directed their conditioned approach response to different places. 

Figure 2.4 shows the effects of flupenthixol on STs and GTs. INs were excluded from this 

analysis because we wanted to directly compare two groups that differed markedly in the extent 

to which they attributed incentive salience to the CS. Additionally, the data presented in Figure 

2.4 correspond to trials 13-25 of experimental sessions (see above). 

Probability: A two-way ANOVA showed that flupenthixol significantly altered the 

probability of approach behavior (effect of treatment, F(3,28) = 25.834, p < 0.001; Figure 2.4A) 

but the magnitude of this effect was greater in STs than GTs (group X treatment interaction, 

F(3,28) = 8.384, p < 0.001). Independent one-way ANOVAs revealed that flupenthixol reduced the 

probability of approach in STs (effect of treatment, F(3,28) = 37.936, p < 0.001; Figure 2.4A) at 

doses of 10 and 20 µg. The effect in GTs (effect of treatment, F(3,28) = 3.174, p = 0.041; Figure 

2.4A) was significant only at the highest dose tested (p = 0.04).  

Contacts: Flupenthixol administration also influenced how avidly animals responded, as 

indicated by number of contacts (effect of treatment, F(3,28) = 31.451, p < 0.001; Figure 2.4B, 

data expressed as % of vehicle contacts), but only in STs (group X treatment interaction, F(3,28) = 

14.677, p < 0.001). Independent one-way ANOVAs showed that flupenthixol decreased the 



	

38 
	

number of times STs engaged the lever (effect of treatment, F(3,28) = 43.470, p < 0.001; Figure 

2.4B), and did so at all doses tested (ps < 0.001). In contrast, flupenthixol had no significant 

effect on the number of head entries into the food cup in GTs (no effect of treatment, F(3,28) = 

1.716, p = 0.183; Figure 2.4B).  

Latency: Finally, flupenthixol administration influenced the rapidity of approach, measured 

as the latency from CS onset to the first lever deflection or head entry (effect of treatment, 

F(3,30.012) = 21.966, p < 0.001; Figure 2.4C), but again, this effect varied as a function of group 

(group X treatment interaction, F(3,28) = 9.751, p < 0.001). Independent one-way ANOVAs 

showed that flupenthixol increased the latency of approach to the CS in STs (effect of treatment, 

F(3,28) = 28.122, p < 0.001; Figure 2.4C), and did so at all doses tested (ps < 0.001). However, 

although the effect of flupenthixol on latency in GTs was statistically significant based on the 

one-way ANOVA (effect of treatment, F(3,28) = 3.048, p = 0.044; Figure 2.4C), none of the paired 

comparisons revealed a statistically significant effect of any given dose.  

Figure 2.4D shows the number of food cup head entries rats made during the inter-trial 

interval (ITI), the period between CS presentations, which serves as an indirect measure of the 

effect of flupenthixol on general motor activity. GTs made more non-CS food cup entries than 

STs (effect of group, F(3,28) = 5.698, p = 0.024). However, by the end of training their rate of food 

cup entries during the CS period (mean = 0.376 entries/s, SEM = 0.055) was much higher than 

during non-CS periods (mean = 0.072 entries/s, SEM = 0.010) (see also Meyer et al., 2012b), 

indicating that GTs discriminated between CS and non-CS periods. Importantly, there was no 

effect of flupenthixol administration on the number of inter-trial interval food cup entries made 

by either group (no effect of treatment, F(3,28) = 0.132, p = 0.94), indicating that flupenthixol did 

not impair general motor activity at the doses we used. 
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Effect of flupenthixol on the topography of the CR in STs, GTs and INs 

Figure 2.5A shows a more detailed analysis of the effects of just the highest dose of 

flupenthixol (20 µg) on different types of CRs in STs, GTs and INs (as defined above and shown 

in Figure 2.1). For the sake of simplicity, CUP FIRST and CUP ONLY trials were grouped 

together (CUP trials) and LEVER FIRST and LEVER ONLY trials were grouped together 

(LEVER trials). Figure 2.5A shows that in all groups flupenthixol reduced the proportion of 

LEVER trials, but not CUP trials, and increased NONE trials. Goal-trackers: As expected, after 

vehicle GTs made mostly CUP trials (78% CUP, 16% LEVER, and 6% NONE trials). Following 

20 µg flupenthixol, CUP trials were modestly reduced to 70% of trials, while LEVER trials were 

halved to 8% and NONE trials increased to 22% (Figure 2.5A, left pie graphs). Intermediates: 

After vehicle INs exhibited roughly equal proportions of CUP (42%) and LEVER (41%) trials, 

with 17% NONE trials. Administration of 20 µg flupenthixol selectively reduced LEVER trials 

to 19% and increased NONE trials to 41%, while leaving CUP trials unaffected, at 40% (Figure 

2.5A, middle pie graphs). Sign-trackers: When treated with vehicle STs made LEVER responses 

97% of the time, with 0% CUP, and 3% NONE trials. Flupenthixol administration altered this 

response pattern by reducing the proportion of LEVER trials by roughly half, to 43%, and 

increasing NONE trials to 42%. Interestingly, CUP trials in STs increased modestly, to 15% 

(Figure 2.5A, right). In summary, the effect of flupenthixol was to primarily decrease LEVER 

trials and increase NONE trials, with modest effects on CUP trials, regardless of the phenotype. 

We next sought to further characterize the effect of flupenthixol on IN rats, which exhibit 

substantial numbers of both LEVER and CUP responses during a single CS period (i.e., BOTH 

responses). Thus, we analyzed trials in which rats both contacted the CS and entered the food 

cup during a single CS period (BOTH trials) and calculated an order score [(# LEVER FIRST 
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trials - # CUP FIRST trials)/total # BOTH trials] ranging from -1.0 to +1.0, to determine which 

response occurred first. A positive order score represents a tendency to contact the lever first 

followed by the food cup on BOTH trials whereas a negative score indicates a bias towards 

contacting the food cup first. Figure 2.5B shows the average order scores for INs following 

vehicle and flupenthixol administration (for simplicity, flupenthixol doses were collapsed). After 

vehicle, INs tended to approach the lever first on BOTH trials. After flupenthixol administration, 

this order bias reversed and INs showed a tendency to approach the food cup first. A paired t test 

revealed that this change in order score was significant (paired t test, t(9) = 3.315, p = 0.009). 

Experiment 2: Time course of flupenthixol effects on STs  

We next examined the time course of flupenthixol’s effect on the amount of lever-directed 

behavior specifically in STs, on a trial-by-trial basis, during the test session when they were 

treated with the highest dose of flupenthixol (20 µg). In Experiment 1, after flupenthixol 

administration, there was no effect on lever contacts during the first few trials (relative to 

vehicle), but over the test session there was a gradual decrease in responding, as indicated by a 

significant trial X treatment interaction (F(24, 312) = 1.643, p = 0.031; Figure 2.6A). This 

interaction is clearly illustrated by comparing responding on the first two trials to the last two 

trials of the test session (Figure 2.6B). Two possible mechanisms could explain this time course. 

(1) Delayed drug effects: It is possible that flupenthixol had not yet reached the full extent of its 

action in vivo within 10-min post-injection. (2) Pavlovian ‘extinction mimicry’: Administration 

of dopamine antagonists to rats during an instrumental food-seeking paradigm causes an 

progressive decrease in responding over time, even when food remains available (Wise et al., 

1978), which has been interpreted as an extinction-like effect (but see Phillips et al., 1981; 

Salamone et al., 2012). In order to test whether the delayed suppression of sign-tracking seen in 
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Experiment 1 was due to delayed drug action or to an extinction-like effect we conducted a 

second experiment in a separate group of STs (n=11). In this experiment we imposed a 35-min 

delay after vehicle and flupenthixol (20 µg) microinjections before beginning testing. This delay 

was chosen because it was approximately the amount of time before flupenthixol produced a 

marked reduction in sign-tracking behavior in Experiment 1 (see Figure 2.6A). 

As Figure 2.6C and 2.6D show, following a 35-min post-injection delay, the number of lever 

contacts was maximally suppressed on the very first trial. Comparison of lever contacts during 

the first and last two trials clearly shows the immediacy of the flupenthixol effect (Figure 2.6D). 

Over the course of the session there was a gradual decrease in the number of lever contacts after 

both vehicle and flupenthixol treatment, but the rate of this decrease was the same under both 

conditions (no trial X treatment interaction, F(24,240) = 0.748, p = 0.799). Note that rats were not 

food deprived in these experiments, and so the gradual decline in the responding per trial across 

the test session, even after vehicle, may be because the rats become increasingly sated as the 

session progressed. In conclusion, these data suggest that the delayed onset of flupenthixol’s 

effect evident in Experiment 1 was not due to an extinction-like effect, but to a delay in peak 

drug effect, which is why data from trials 13-25 were selected for analysis in Experiment 1. 

Extinction of ST behavior 

In order to more directly contrast the effects of flupenthixol with Pavlovian extinction, the 

STs in Experiment 2 were given four sessions of PCA extinction training, during which no food 

pellets were delivered following lever retraction. Figure 2.6E shows the time course of lever 

deflections, trial-by-trial, during these extinction sessions, relative to the vehicle test session, 

when pellets were delivered. In contrast to flupenthixol administration, when there was a 35-min 

delay in testing (Figure 2.6C), on day 1 of extinction, sign-tracking behavior was initially 
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identical to vehicle, and decreased gradually across the session. Examination of the first and last 

two trials clearly shows that the pattern of behavior on day 1 of extinction differed from that seen 

following flupenthixol, when testing was delayed by 35 min (compare Figure 2.6F and 2.6D). 

Days 2 and 4 of extinction are also shown in Figure 6E. While within-session extinction was 

clear by day 2, sign tracking during the first trials of the session remained similar to vehicle 

levels even on day 4. Thus, the effect of flupenthixol, when testing was delayed by 35 min, had a 

very different temporal profile than the effect of extinction training, further indicating that 

flupenthixol did not produce an extinction-like effect (see also Phillips et al., 1981; Salamone et 

al., 2012). 

Flupenthixol does not affect an orienting CR in STs 

To further examine the possibility that flupenthixol decreased sign-tracking behavior because 

dopamine transmission in the NAcC is necessary to maintain the learned association between 

lever extension and reward delivery, we looked at the effect of flupenthixol on another CR that 

develops in response to presentation of a CS: a conditioned orienting response. We operationally 

defined this as a head and/or body movement in the direction of the lever, even if it did not bring 

the rat into close proximity to it (which would be classed as an approach response; see below). 

Importantly, we have found that with lever(CS)-US pairing, both STs and GTs acquire a 

conditioned orienting response, and they do not differ in their rate of learning this CR, even 

though only STs develop a high probability of approaching the lever (L.M. Yager, unpublished 

observations). To examine the role of dopamine in the expression of the orienting CR in STs, a 

subset of STs (n=8) from Experiment 1 were video recorded during the vehicle and 20 µg 

flupenthixol test sessions. This video was scored offline to quantify the occurrence of 

conditioned orienting behavior. As shown in Figure 2.7, after training, the probability of a 
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conditioned orienting response on each trial was very high (over 90%), and this was not 

influenced by treatment with the high dose of flupenthixol (paired t test relative to vehicle, t(7) = 

0.168, p = 0.436; left bars). This is important, because it establishes that after flupenthixol 

administration the learned CS-US association is still intact in STs, even though they do not 

approach the CS. As before, for data presented in Figure 2.7 we restricted our analysis to trials 

13-25 of experimental sessions. 

As an aside, the conditioned orienting response described here should not be confused with 

the conditioned orienting response described by Holland and his colleagues in a series of papers 

(e.g., Han et al., 1997; Holland, 1977). That CR consists of rearing in close proximity to a visual 

stimulus, which by our criteria would be classed as an approach response.  

We also used this video to determine if the effect of flupenthixol on the expression of a ST 

CR could be because more effort was required to physically deflect the lever (recorded as a ST 

CR) than to break a photobeam (recorded as a GT CR). To do this we scored the occurrence of 

CS-evoked approach responses, independent of whether the lever was deflected. Thus, in this 

analysis approach was defined as merely coming into close proximity to the lever, touching it, 

but not necessarily deflecting it. This approach response is therefore directly comparable to 

approach to the food cup, and therefore there is no difference in the “effort” required for a ST 

versus a GT response. Figure 2.7 shows that in STs flupenthixol decreased the probability of 

approaching the lever regardless of whether an approach response was scored by simple 

proximity to it (paired t test relative to vehicle, t(7) = 3.910, p = 0.003; middle bars), or by 

physically deflecting the lever (paired t test relative to vehicle, t(7) = 4.437, p = 0.002; right bars). 

Thus, when controlling for potential differences in effort between ST and GT CRs, dopamine 

antagonism still had a selective effect in reducing sign-tracking. This suggests that our results 
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cannot be explained by the view that dopamine is involved in effort-related processes necessary 

for motivated behavior to occur (Robbins and Everitt, 1992; Salamone et al., 2007). 

Histological verification of cannulae placements 

Figure 2.8 illustrates the location of microinjection tips within the NAcC for rats used in 

Experiment 1. Placements for rats in Experiment 2 were similar (data not shown).  

Discussion 

Flagel et al. (2011b) reported that dopamine plays a very selective role in stimulus-reward 

learning – it is necessary to attribute incentive salience to cues predictive of reward, but not to 

learn a CS-US association (see also Danna and Elmer, 2010; Shiner et al., 2012). We extend that 

notion here, and report that dopamine in the NAcC also plays a selective role in the performance 

of Pavlovian CRs already acquired. Dopamine blockade within the NAcC markedly degraded the 

expression of Pavlovian conditioned approach behavior directed towards the CS itself (sign-

tracking), but not conditioned approach behavior directed towards the food cup (goal-tracking, 

see also Chang et al., 2012). These findings have a number of implications for thinking about the 

role of mesolimbic dopamine in reward. 

Mesolimbic dopamine as a prediction-error signal necessary for learning. 

Electrophysiological recordings from dopamine neurons in the ventral tegmental area and 

substantia nigra, and direct measures of release events within the NAcC, have shown that a 

phasic dopamine response transfers from an unexpected reward (US) to the CS that predicts 

reward delivery, over the course of training (Cohen et al., 2012; Day et al., 2007; Pan et al., 

2005; Schultz et al., 1997). These studies led to the hypothesis that phasic dopamine 

transmission provides a prediction-error signal, coding the discrepancy between actual and 
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predicted events, that is required for learning stimulus-reward associations (Bayer and Glimcher, 

2005; Montague et al., 1996; Schultz et al., 1997). Therefore, blocking dopamine transmission 

within NAcC could be functionally equivalent to reward omission, which produces a pause in 

dopamine neuron firing (i.e., a negative prediction error; Cohen et al., 2012; McClure et al., 

2003; Pan et al., 2005; Schultz et al., 1997), leading to new learning. If, under dopamine 

blockade, the predictive value of the CS was negatively adjusted, trial by trial, this could produce 

a gradual reduction in sign-tracking behavior, similar to that seen in instrumental responding 

(Wise et al., 1978). 

The results suggest, however, that the effect of flupenthixol on sign-tracking behavior was 

not due to updating a prediction-error signal (i.e., new learning). With an optimal delay between 

flupenthixol administration and testing, the expression of sign-tracking behavior was maximally 

suppressed on the very first trial. This indicates that dopamine antagonism altered the value of 

the CS in the absence of new learning (i.e., without new prediction-error computations; see also 

Shiner et al., 2012). This is in contrast to the gradual, multi-session-long decay in sign-tracking 

observed when actual extinction conditions were in effect (see also Phillips et al., 1981). These 

results are complementary to previous studies in which dopaminergic activity was increased by 

drugs or sensitization, also producing an immediate increase in responding (Smith et al., 2011; 

for review see Berridge, 2012; Tindell et al., 2005; Tindell et al., 2009; Wyvell and Berridge, 

2001). Of course, a learning-based interpretation also cannot account for why the GT and 

conditioned orienting CRs were not similarly decreased. However, as put by Berridge (2012, p. 

1139), “advocates of dopamine-learning theories may reply that only some forms of reward 

learning require dopamine”. But he goes on to say, “so what particular forms of learning would 

those advocates suggest need dopamine?” “Pavlovian reward learning was the original source of 



	

46 
	

the dopamine prediction-error hypothesis” … “if not for Pavlovian reward learning, then for 

what learning is dopamine needed?” 

Mesolimbic dopamine as an incentive salience signal. It has been argued that the primary 

role of mesolimbic dopamine in reward is to attribute incentive salience to rewards and their 

associated cues, making them attractive and desirable, and capable of exerting motivational 

control over behavior (Berridge, 2007; Berridge, 2012; Berridge and Robinson, 1998). That is, 

dopamine in the accumbens is involved in transforming a predictive, but “cold” informational 

CS, into a “hot” motivating incentive stimulus. This concept was formalized in a recent 

computational model of incentive salience (Berridge, 2012; Zhang et al., 2012; Zhang et al., 

2009). In contrast to traditional “model-free” forms of stimulus-reward learning (see Daw et al., 

2005; Sutton, 1988; Sutton and Barto, 1998), which require the cached learned value of a 

Pavlovian CS be updated incrementally, via new dopamine prediction errors (Schultz et al., 

1997), the incentive salience model predicts that dopamine’s role is specifically in transforming 

the motivational value of learned CSs ‘on-the-fly’, without the need to re-experience CS-US 

pairing, as observed here.  

In thinking about the differential effect of dopamine antagonism on the learning and 

expression of a ST CR vs. a GT CR it is important to consider the distinction between a 

conditional stimulus (CS) and an incentive stimulus, a distinction long emphasized by learning 

theorists (Berridge, 2001; Bindra, 1978; Dickinson and Balleine, 1994, 2002; Konorski, 1967; 

Toates, 1986). Our recent studies on individual variation in the attribution of incentive salience 

to reward cues indicate that a perfectly effective CS may or may not also function as an incentive 

stimulus. Only in STs is the CS transformed into a powerfully attractive and desirable 

“motivational magnet” (Flagel et al., 2009; Flagel et al., 2011b; Flagel et al., 2007; Meyer et al., 
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2012b; Robinson and Flagel, 2009; Saunders and Robinson, 2010; Yager and Robinson, 2010), 

and our results suggest that it is this transformation that requires dopamine in the NAcC. We 

suggest, therefore, that dopamine antagonism attenuates the learning (Flagel et al., 2011b) and 

performance (present results) specifically of a ST CR because it degrades the motivational 

properties of the CS, which are required for the CS to become attractive, but without necessarily 

compromising the CS-US association (Berridge, 2012; Berridge and Robinson, 1998).  

Of course, dopamine neurons in the midbrain project to many other forebrain regions, 

including the NAcc shell, dorsal striatum, amygdala, prefrontal cortex, and hippocampus, and 

they are not homogeneous in their pattern of activity (Bromberg-Martin et al., 2010; Fields et al., 

2007; Lammel et al., 2011; Witten et al., 2011), raising the possibility that dopamine signaling 

within other regions are necessary for learning stimulus-reward associations. However, recording 

and release studies cannot establish whether dopamine activity in any structure is necessary for 

any particular function – by their nature such studies are only correlative. It is important to keep 

in mind, therefore, that the systemic administration of flupenthixol, which would block 

dopamine receptors in all brain regions, failed to prevent the learning of a GT CR (Flagel et al., 

2011b). This suggests that dopamine in no brain region is necessary for learning all CS-US 

associations. The data reported here are consistent with this notion (although, of course, here we 

can only draw strong conclusions about the NAcC\).  

The fact that dopamine antagonism had little effect on the performance (and learning, Flagel 

et al., 2011b) of a GT CR suggests, of course, that for GTs the CS did not function as an 

incentive stimulus. At first glance this may seem inconsistent with recent reports that systemic 

dopamine antagonism (Wassum et al., 2011) or inactivation of the nucleus accumbens via 

GABA receptor agonists (Blaiss and Janak, 2009) can decrease goal-directed CRs. However, an 
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important procedural difference may explain the discrepancy. These studies assessed goal 

approach in response to an auditory CS, and when a tone is used as the CS all rats develop a GT 

CR (i.e., rats do not approach a tone CS; Cleland and Davey, 1983). As mentioned above, when 

a discrete localizable cue is used as the CS it serves as a more effective conditioned reinforcer in 

STs compared to GTs (Robinson and Flagel, 2009), but, if an auditory CS is used we have found 

it is an effective conditioned reinforcer in both STs and GTs, suggesting a tone cue is attributed 

with motivational properties in both STs and GTs (P.J. Meyer, unpublished observations). Thus, 

for any given individual, whether a cue acquires motivational properties may vary depending on 

sensory modality, and perhaps even the extent to which it can be engaged and manipulated 

(Chang et al., 2012; Holland, 1977). This also suggests that the form of the CR alone may not 

always indicate whether a CS is attributed with motivational properties, or whether performance 

of the CR is dopamine-dependent. Sometimes a CR directed to the location of reward delivery 

may reflect activation of a Pavlovian conditioned motivational state (and be dopamine-

dependent) and other times not. Additional tests are required to determine the psychological and 

neurobiological processes underlying what may otherwise appear to be exactly the same 

behavior. 

Nevertheless, here, expression of a goal-tracking CR did not require dopamine in the NAcC, 

and so we should consider what psychological process might underlie goal-tracking under these 

conditions. We can only speculate, but one possibility is that it is governed by a cognitive reward 

expectancy process (Bindra, 1978; Dickinson and Balleine, 1994; Toates, 1986). If presentation 

of the CS evokes an explicit cognitive representation of the outcome (US), this could result in 

goal-directed approach to the food cup to await delivery of the expected reward. Goal-directed 

instrumental behavior governed by explicit cognitive expectations (“instrumental incentives”) 
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does not require dopamine (Dickinson et al., 2000; Lex and Hauber; Wassum et al., 2011; Yin et 

al., 2006), but instead may depend on endogenous opioid signaling (Wassum et al., 2009), which 

has also been implicated in some aspects of goal-tracking behavior (Difeliceantonio and 

Berridge, 2012; Mahler and Berridge, 2009). Therefore, the goal-directed approach seen here 

may be akin to behavior governed by an act-outcome association, which is thought to be 

dependent more on corticostriatal than mesolimbic circuits (Balleine and Dickinson, 1998; Daw 

et al., 2005), and may be related to so-called ‘model-based’ forms of learning (Daw et al., 2005; 

Dayan and Balleine, 2002; Glascher et al., 2010; Tolman, 1948). Consistent with this notion, 

cue-induced c-fos mRNA expression in corticostriatal regions was correlated in GTs, but not STs 

(Flagel et al., 2011a), suggesting the possibility of greater “top-down” cortical regulation of 

behavior in GTs.  

Finally, we should note that the distinction between STs and GTs is not absolute, and 

although each shows a strong propensity to make a specific CR on any given trial (for as yet 

unknown reasons) most rats will still make the non-preferred CR on some trials. Of course, this 

vacillation is most pronounced in INs. This raises the interesting possibility that the 

psychological process that governs behavior may shift dynamically on a trial-by-trial basis, from 

one that is dopamine-dependent to one that is not, a hypothesis that can be tested. 

In conclusion, we suggest that the role of dopamine in the NAcC in stimulus-reward learning 

is to attribute incentive salience to reward cues, transforming predictive CSs into powerful 

incentives, which can motivate not only normal behavior, but are also more likely to instigate 

maladaptive behavior (Robinson and Berridge, 1993). 
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Figure 2.1. Individual variation in Pavlovian conditioned approach behavior. The top 
section shows PCA Index scores for individual rats (n=42) used in Experiment 1. Moving from 
left to right, scores range from -1.0 (food-cup biased) to +1.0 (lever biased). The bottom section 
illustrates the proportion of different response types for the rats with PCA Index scores within 
four different ranges. Five response types were possible on a given trial: (1) Contact with the 
food cup only (CUP ONLY), (2) contact with the lever only (LEVER ONLY), (3) contact with 
the food cup first followed by a lever contact (CUP FIRST; i.e., both responses occurred within 
the same 8-s CS period), (4) contact with the lever first followed by a food cup contact (LEVER 
FIRST), and (5) no food cup or lever contact (NONE). 
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Figure 2.2. Effects of flupenthixol on two types of Pavlovian conditioned approach. Lever-
directed (A-C) and food cup-directed (D-F) CRs were quantified for all rats tested in Experiment 
1 (n = 42). Data presented correspond to trials 13-25 of experimental sessions. A, The probability 
of lever-directed CR occurrence. The probability of lever-directed CRs was significantly reduced 
after flupenthixol doses 10 µg (p = 0.001) and 20 µg (p < 0.001). B, Number of lever-directed 
CRs. The number of lever-directed CRs was reduced following each dose of flupenthixol (ps < 
0.004). C, Latency to make a lever-directed CR. The latency of lever-directed CRs was 
significantly longer after 5 µg (p = 0.021) as well as 10 and 20 µg (ps < 0.001) doses of 
flupenthixol. D, Probability of food cup-directed CR occurrence. E, Number of food cup-
directed CRs. The highest flupenthixol dose (20 µg) produced a small but significant reduction in 
the number of food cup-directed CRs (p = 0.022). F, Latency to make a food cup-directed CR. 
*p < 0.05, **p < 0.01 (relative to vehicle). Error bars indicate SEM. 
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Figure 2.3. Pavlovian conditioned approach training. Lever-directed behavior (“sign-
tracking”, A-C) and food cup-directed behavior (“goal-tracking”, D-F) across 8 days of training 
for rats classed as sign-trackers (STs, n=16), goal-trackers (GTs, n=13), or intermediates (INs, 
n=13). Error bars indicate SEM. 
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Figure 2.4. Effects of flupenthixol on STs (n=16) and GTs (n=13). Data presented correspond 
to trials 13-25 of experimental sessions. A, Probability of making an ST or GT CR. B, Number 
of ST or GT CRs (Statistical analysis was done on the raw data, but in B the data are expressed 
as a % of vehicle, in order to directly illustrate the relative size of the effect of flupenthixol that 
would otherwise be obscured by group baseline differences in total responding). C, Latency to 
make an ST or GT CR. D, Number of non-CS food cup entries. *p < 0.05, **p < 0.01 (relative to 
vehicle). Error bars indicate SEM. 
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Figure 2.5. Effects of flupenthixol on response topography and order of responding. Data 
presented correspond to trials 13-25 of experimental sessions. A, Proportion of CUP trials (CUP 
FIRST + CUP ONLY trials), LEVER trials (LEVER FIRST + LEVER ONLY trials), and NONE 
trials for STs, GTs, and INs following vehicle (top circles) or 20 µg flupenthixol (bottom 
circles). Flupenthixol specifically reduced LEVER trials, but not CUP trials, and increased 
NONE trials, in all groups. B, Effect of flupenthixol on the order of responding in INs. An order 
score was calculated as follows: [(# LEVER FIRST trials - # CUP FIRST trials)/total # BOTH 
trials]. Following vehicle administration, INs had a positive order score, indicating a bias 
towards making a lever-directed CR first. After flupenthixol administration, this score reversed, 
indicating a bias towards making a food cup-directed CR first. **p < 0.01 (relative to vehicle). 
Error bars indicate SEM. 
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Figure 2.6. Time course of flupenthixol and extinction effects on lever-directed CRs. 
Experiment 1 (A-B): 10-min delay between drug administration and testing. A, The number of 
lever-directed CRs among STs (n=16) across the 25-trial test session and B, on the first and last 
two trials, after vehicle and 20 µg flupenthixol administration. Experiment 2 (C-F): 35-min delay 
between drug administration and testing. C, Number of lever-directed CRs among STs (n=11) 
across the 25-trial test session and D, on the first and last two trials, after vehicle and 20 µg 
flupenthixol administration. E, Number of lever-directed CRs across the 25-trial test session for 
vehicle and extinction days 1, 2, and 4. F, Average number of lever-directed CRs on the first and 
last two trials of the vehicle session and extinction day 1. Error bars indicate SEM. 
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Figure 2.7. Lever orientation and approach behavior. Data presented correspond to trials 13-
25 of experimental sessions. Left bars, Video-scored probability of making a conditioned 
orienting response for a subset of STs (n=8) in Experiment 1 following vehicle and 20 µg 
flupenthixol. Middle bars, Video-scored probability of approaching the lever following vehicle 
and 20 µg flupenthixol. Right bars, Probability of making a computer-scored lever deflection 
following vehicle and 20 µg flupenthixol. **p < 0.01 (relative to vehicle). Error bars indicate 
SEM. 
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Figure 2.8. Location of microinjection tips within the NAcC relative to Bregma for STs, 
GTs, and INs used in Experiment 1. 
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Chapter 3 

A cocaine cue acts as an incentive stimulus in some, but not others: implications for 

addiction 

Introduction 

Cues associated with rewards can themselves act as powerful incentives, arousing desire and 

instigating actions. For example, food-related cues can motivate eating even when one is sated 

(Schachter, 1968; Weingarten, 1983), and in addicts, drug cues grab the attention more 

powerfully than other stimuli (Field and Cox, 2008) and can produce craving and/or relapse 

(Ehrman et al., 1992; O'Brien et al., 1998). Even drug cues outside of conscious awareness 

activate brain motive circuits (Childress et al., 2008). The importance of drug-associated cues in 

motivating behavior has been confirmed using animal models of addiction. Drug cues are 

attractive and “wanted” – they are approached (Uslaner et al., 2006) and animals will work to get 

them (Davis and Smith, 1976; Di Ciano and Everitt, 2004; Goddard and Leri, 2006); drug cues 

help maintain drug-seeking and -taking behavior – their omission greatly decreases seeking and 

self-administration (Arroyo et al., 1998; Caggiula et al., 2001; Panlilio et al., 1996; Schenk and 

Partridge, 2001; Schindler et al., 2002); and drug cues are powerful instigators of 

reinstatement/relapse – promoting renewed drug seeking after extinction or prolonged abstinence 

(de Wit and Stewart, 1981; Shaham et al., 2003). For reward-associated cues to motivate, 

however, they must acquire the ability to act as incentive stimuli – i.e., be attributed with 

incentive salience (Berridge, 2001; Bindra, 1978; Bolles, 1972; Cardinal et al., 2002a; Stewart et 

al., 1984).  
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How do cues acquire the ability to motivate? It is often assumed that cues (conditional 

stimuli, CS) become incentive stimuli merely as a function of their conditional relationship with 

a reward (unconditional stimulus, US), but in fact, the ability of a CS to predict a US and evoke a 

conditional response (CR) is not sufficient to confer incentive value to the CS (Flagel et al., 

2009; Robinson and Flagel, 2009; Tomie et al., 2008; Zener, 1937). When a localizable cue (a 

lever-CS) is associated with the receipt of food reward, only in some rats does the lever-CS itself 

become attractive, eliciting approach and engagement with it, and in these animals the lever-CS 

is also an effective conditional reinforcer (that is, animals will work to get it). But in other rats 

the lever-CS does not attract. These animals are fully capable of learning a Pavlovian CR, but the 

CR is not directed towards the CS, but rather, towards the place food will be delivered, and in 

these rats the lever-CS is relatively ineffective as a conditional reinforcer (Robinson and Flagel, 

2009). Animals for which a localizable cue acts as an attractive incentive stimulus are called 

“sign-trackers” (STs - they approach the cue or "sign"; Hearst and Jenkins, 1974) and those for 

whom the cue does not have incentive properties are called “goal-trackers” (GTs - they learn to 

approach the location of reward delivery, or “goal”; Boakes, 1977). Note that the cue is 

predictive and acts as a fully effective CS, supporting Pavlovian learning, in both STs and GTs, 

and their respective CRs are learned at a comparable rate. But the cue itself serves as an 

attractive incentive stimulus only for STs (Flagel et al., 2009; Robinson and Flagel, 2009). 

Thus, only in susceptible individuals are localizable food cues attributed with incentive 

salience, acquiring the ability to attract and to reinforce new learning. It is important to know if 

there are similar individual differences in the propensity to attribute incentive salience to drug 

cues, because if drug cues act as incentives - “as a persistent goad to response generation” 

(Stewart et al., 1984) in some individuals but not others - it is presumably the former who will 
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have difficulty resisting them and thus be susceptible to continued drug use and addiction. We 

asked, therefore, whether individual differences in the propensity to attribute incentive salience 

to a food cue, determined prior to any drug experience, predicts individual differences in the 

ability of a cocaine cue to motivate drug-seeking and drug-taking behavior. 

Material and Methods 

Pavlovian training. Male Sprague Dawley rats were initially trained using a Pavlovian 

conditioning procedure described previously (Flagel et al., 2007). Briefly, an illuminated 

retractable lever (the conditioned stimulus, CS) located to the left or right of a food magazine 

was inserted into the chamber for 8 s. As the lever was retracted, a single 45-mg banana-flavored 

food pellet (the unconditioned stimulus, US) was delivered into the magazine. This CS-US 

pairing occurred on a response-independent random-interval 90-s schedule 25 times per session 

for three sessions. The animals were then classified as sign-trackers or goal-trackers as described 

previously (Flagel et al., 2007). Lever deflections, magazine entries, latency to the first lever 

deflection, magazine entries during the intertrial interval, and latency to magazine entry during 

CS presentation were measured. The average number of lever presses across training sessions 

was used to distinguish sign-tracking (lever-directed) and goal-tracking (food tray-directed) 

behavior (1). Using this indicator, animals were divided into two groups, sign-trackers (ST, top 

33% lever presses) and goal-trackers (GT, bottom 33% lever presses). The intermediate group 

(middle 33% lever presses) was excluded from further study. 

Surgery. After Pavlovian training animals were prepared with intravenous catheters as described 

previously (Crombag et al., 2000) under ketamine hydrochloride (100 mg/kg i.p.) and xylazine 

(10 mg/kg i.p.) anesthesia. Following surgery catheters were flushed daily with 0.2 ml sterile 

saline containing gentamicin (5 mg/ml). During self-administration testing catheters were 
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flushed with this solution before and after each session. Once a week, catheter patency was 

tested by injection of 0.1 ml sodium thiopental (20 mg/ml in sterile water, i.v.). Only rats that 

become ataxic within 5 s were considered to have patent catheters and included in the analysis. 

Self-administration. Self-administration sessions began one week after surgery in chambers 

outfitted with two nose ports, but no levers or food magazine. A nose poke into the active port 

resulted in an intravenous injection of cocaine HCl (0.5 mg/kg/infusion in 25 µl delivered in 1.6 

s) on a fixed ratio (FR) 1 schedule. After an infusion there was 20-s timeout period, during which 

time the active nose poke port light was illuminated. This light served as the CS signaling 

cocaine delivery. To guarantee that all animals received exactly the same number of drug 

injections, and therefore the same number of CS-US pairings, all animals were initially allowed 

to take 5 infusions (i.e., the length of the session was determined by how long it took to take 5 

injections). This infusion criterion (IC) was then increased to 10, 15, 25, 40, and finally 80 

infusions. Animals were tested at each IC for two consecutive sessions. At IC 40, the dose was 

lowered to 0.2 mg/kg, to produce increased response rates necessary to result in sessions lasting 

approximately 1-2 hrs. This lower dose was used for the remainder of testing, and was chosen 

because doses in this range have been found to be sensitive to the presence or absence of a CS 

(4). Animals who failed to acquire self administration (ST = 2, GT = 2), or for whom catheter 

patency was not maintained (ST = 3, GT = 5), were removed from the analysis. 

Experiment 1: Cue removal and resistance to extinction 

After STs (final n = 14) and GTs (final n = 16) achieved an IC of 80, and showed stable 

levels of self-administration behavior, a cue removal test was conducted. For these two days all 

conditions were the same, and an active nose poke resulted in an infusion of cocaine, and the 

animals were allowed to take 80 injections – but the cue light (CS) was not illuminated. After 
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two days of cue removal the CS was reintroduced and daily testing continued for four more days. 

The influence of cue removal on self-administration behavior was assessed by quantifying the 

rate of self-administration (injections/min). 

To examine resistance to extinction in STs and GTs, animals were then tested under cued 

extinction conditions, during which time a nose poke resulted in the illumination of the CS, but 

no cocaine injection. Extinction sessions were fixed at 1 hr and responding was measured until 

both groups no longer showed a downward trend in responding for four consecutive sessions.  

Experiment 2: Individual differences in cue-induced reinstatement.  

An independent group of rats received Pavlovian training as described above to identify STs 

(final n = 13) and GTs (final n = 12). These rats were then trained to self-administer cocaine, 

exactly as described above. Following the acquisition of self-administration all animals 

underwent extinction training for 7 daily 1-hr sessions. During these sessions, rats were not 

attached to the infusion pump swivel, and nose pokes had no programmed consequences (that is, 

animals received neither the drug nor the CS). Following extinction training (during which 

neither cues nor drug were available) all rats were left undisturbed in their home cages for a 30-

day “incubation” period (Grimm et al., 2001), after which they were returned to the self-

administration chambers for a single cue-induced reinstatement test. During this test session 

animals were attached to the infusion pump swivel and a nose poke into the active port resulted 

in illumination of the nose port light (the CS) for 5 s, but no drug infusion. 

Statistical Analysis. Linear mixed-effects models were used to analyze all repeated measures 

data (Verbeke, 2009). Two-way ANOVAs were used to compare responding on active and 

inactive nose pokes during reinstatement testing. Bonferroni corrected post hoc comparisons 

were conducted where appropriate. Statistical significance was set at P < 0.05. 
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Results 

Group differences in the propensity to approach and engage a food-related cue 

A summary of the experimental design is shown in Figure 3.1. In adult male rats presentation 

of a lever-CS for 8 s was followed immediately by the unconditional delivery of a food pellet on 

each of three days of training. As described previously (Flagel et al., 2007), the one third of the 

rats showing the greatest number of lever deflections during the CS period were designated sign-

trackers (STs) and the one third showing the fewest goal-trackers (GTs). The remaining rats were 

not used in any of these experiments. Rats designated as STs or GTs exhibited very different 

behavior on the last day of training (Figure 3.2). During the CS period STs had a high probability 

of rapidly approaching (Figure 3.2a, c) and vigorously engaging the lever-CS (Figure 3.2b). In 

contrast, during the CS period rats designated GTs seldom approached the lever-CS, but instead 

rapidly approached and engaged the food cup (Figure 3.2 d-f). Thus, as in our previous studies 

(23), the lever was a predictive CS in both STs and GTs, and was effective in evoking a CR in 

both, but the food cue was attractive in STs but not GTs.  

No group differences in the acquisition of cocaine self-administration 

Following Pavlovian training all rats were equipped with an intravenous (i.v.) catheter and 

trained to make an instrumental response (nose poke) for an i.v. injection of cocaine. In this 

situation the injection of cocaine (the US) was paired with illumination of the nose port, and 

therefore this light served as the cocaine-paired cue (drug CS). The training procedure was 

designed to eliminate any potential group differences in the number of CS (light) - US (cocaine) 

pairings and to mitigate possible differences in acquisition of self-administration behavior. Thus, 

rats were allowed to take a fixed number of injections each day (i.e., session length was 

determined by how long it took to reach the criterion number of injections), and the number 
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allowed increased over days of training (Figure 3.1). With this procedure group differences in 

acquisition would be evident by differences in the rate of self-administration, but there were no 

group differences for this measure at any infusion criterion (Figure 3.3a; F(1,73) = 1.108, p = 

.296). Both groups also made the same number of active (F(1,83) = .107, p = .744) and inactive 

nose pokes (F(1,43) = 2.429, p = .126), and discriminated between the active and inactive nose 

ports (Figure 3.3b). 

Removal of the cocaine cue decreases self-administration in STs but not GTs 

By the end of training at the final infusion criterion (80 injections of 0.2 mg/kg per test 

session) all rats showed stable levels of cocaine self-administration (first 3 sessions shown in 

Figure 3.4A). During these baseline sessions each cocaine injection was accompanied by 

illumination of the nose poke port. On sessions 4 and 5 a nose poke into the active port still 

produced an i.v. injection of cocaine, but the light did not illuminate. Removal of the drug cue 

sharply decreased the rate of self-administration in STs by approximately half, and the 

magnitude of this effect was significantly correlated with how vigorously animals engaged the 

lever-CS on the first day of Pavlovian training (r = .545, p = .022). In GTs cue removal produced 

a small decrease in self-administration, but this was not statistically significant. Figure 3.4b 

shows the data averaged over the 3 baseline sessions and the 2 cue removal sessions (effect of 

group, F(1,36) = 4.954, p = .03; effect of phase, F(1,50) = 19.332, p < .0001; group x phase 

interaction, F(1,50) = 4.668, p = .01; posthoc tests showed no effect of cue removal in GTs, p > 

.05, but a large effect in STs, p < .001). Reintroduction of the cocaine cue reinstated baseline 

levels of self-administration in STs within a few days (sessions 6-9 in Figure 3.4a). All rats 

continued to discriminate between the active and inactive nose poke during cue removal (Active 
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M = 224.88, SEM = 13.57; Inactive M = 24.43, SEM = 6.95), and there were no group 

differences in the total number of active or inactive responses (data not shown). 

STs showed resistance to extinction relative to GTs 

After the resumption of baseline levels of self-administration (session 9 in Figure 3.4) all 

animals underwent 28 days of extinction training, during which time nose pokes no longer 

produced cocaine, but they did result in illumination of the light CS. Over this period of time 

both STs and GTs slowly decreased responding for the CS (Figure 3.5, effect of session block, 

F(6,125) = 15.459, p <.0001), and there was a small but significant group difference in  responses 

during this cued extinction phase (effect of group, F(1,321) = 4.806, p = .029; interaction non-

significant). Inspection of these data indicates that STs made more responses for the CS than 

GTs, primarily during the first four sessions (Figure 3.5b-inset, one-tailed t test, t(54) = -2.02, p = 

0.024). 

A cocaine-associated cue produces more robust reinstatement in STs than GTs 

An independent group of rats underwent Pavlovian training to identify STs and GTs, exactly 

as above (data not shown - they are similar to those in Figure 3.2). The rats were then trained to 

self-administer cocaine exactly as described above (data not shown – they exhibited the same 

pattern of acquisition as illustrated in Figure 3.3). After stable responding all animals underwent 

7 days of extinction training, except in this experiment nose pokes had no consequence (that is, 

nose pokes produced neither cocaine nor the CS). Under these conditions there were no group 

differences in responding during extinction (data not shown). After extinction all animals were 

tested for cue-induced reinstatement of responding similar to previous studies (30). In this test 

nose pokes again resulted in presentation of the cocaine CS (illumination of the nose-poke port), 

but no cocaine was delivered. 
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Sign trackers showed more robust reinstatement of cocaine seeking than GTs (Figure 3.6, the 

group x time [block] interaction was significant, F(5,45) = 2.871, p = .025). This was because STs 

increased their number of active nose pokes over the session (F(1,61) = 5.867, p = .018), but GTs 

did not (Figure 3.6a). A comparison of active and inactive port responses (Figure 3.6b, the 

dashed line indicates the average inactive port responses) indicated that both groups made more 

active nose pokes than inactive nose pokes, but STs reinstated responding to a significantly 

greater degree than GTs, as indicated by a significant group by port interaction (F(1,46) = 6.489, p 

= .014; effect of group, F(1,46) = 5.539, p = .023; effect of port, F(1,46) = 93.463, p <.0001).  

Discussion 

If cues associated with rewards are attributed with incentive salience they acquire the ability 

to act as incentive stimuli. Incentive stimuli have three fundamental properties: (1) they attract, 

eliciting approach towards them; (2) they are “wanted”, in the sense that animals will work to get 

them; and (3) they can spur ongoing instrumental actions to obtain the associated reward, as in 

the Pavlovian to instrumental transfer effect (Berridge, 2001; Cardinal et al., 2002a). We have 

reported, however, that if a localizable cue is associated with presentation of a food reward at a 

different location the cue acquires incentive motivational properties in some individuals, but not 

others - even though all individuals learn the CS-US association as indicated by the development 

and vigor of their respective CRs (Flagel et al., 2009; Robinson and Flagel, 2009). This suggests 

that the ability of a cue to act as an incentive stimulus is dissociable from its ability to act as a 

conditional stimulus (CS) that evokes a conditional response (CR; Robinson and Flagel, 2009). 

In the present study we asked whether rats that have a propensity to attribute incentive salience 

to a food cue are the same ones for whom a cocaine cue would come to motivate cocaine self-

administration behavior - maintain drug taking and instigate reinstatement after extinction. They 
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are. The cocaine cue was much more effective in motivating drug-taking behavior and instigating 

reinstatement in STs (who approached the food cue) than in GTs (who did not).  

It is well known that drug cues are important for maintaining and reinstating drug-seeking 

behavior, presumably because they spur incentive motivation for drugs (Arroyo et al., 1998; 

Davis and Smith, 1976; Schenk and Partridge, 2001; Shaham et al., 2003). In most drug self-

administration studies drug delivery is paired with presentation of a cue for good reason. This is 

because omitting the cue greatly attenuates self-administration behavior (Caggiula et al., 2001; 

Chaudhri et al., 2005; Kippin et al., 2006; Panlilio et al., 1996; Schenk and Partridge, 2001). 

Indeed, cues are capable of maintaining responding for long periods of time even in the absence 

of the drug, on second-order schedules of reinforcement, for example (Everitt and Robbins, 

2000; Schindler et al., 2002). Of course, there is a large literature on both human and non-human 

animals concerning the importance of drug cues in instigating reinstatement/relapse (Shaham et 

al., 2003). In addicts, many drugs cues (e.g., people, places and paraphernalia) evoke craving 

and/or relapse (Ehrman et al., 1992; O'Brien et al., 1998), and their attention is biased towards 

such cues (Field and Cox, 2008). In rats, even stimuli associated with a single session of cocaine 

self-administration can motivate renewed drug-seeking a year later (Ciccocioppo et al., 2004). In 

such studies there is, however, considerable individual variation in the effectiveness of cues in 

motivating behavior. The data reported here suggest this variation is not just due to experimental 

error, but much of it may be due to real individual variation in the propensity for cues to acquire 

incentive motivational properties. In the present study we considered only the effects of discrete 

localizable stimuli (a lever CS and a light CS), but many other manipulations influence self-

administration behavior and reinstatement/relapse - including contextual stimuli, stress, and a 

“prime” with the drug itself (Crombag et al., 2008; de Wit, 1996; Shaham et al., 2003). It 



	

71 
	

remains to be determined whether variation in the propensity to attribute incentive salience to a 

discrete localizable cue also predicts the ability of these other classes of stimuli to produce desire 

and instigate actions. Furthermore, in the present experiment the cocaine cue was located at the 

same place where a response produced an injection of cocaine, a situation that may produce 

especially “compulsive” behavior (Tomie et al., 2008). Further studies will be required to 

explore the influence of different arrangements between the CS and manipulandum, and whether 

similar individual differences are evident if a cue is paired with cocaine in a response-

independent manner (Uslaner et al., 2006).  

It is important to emphasize that the differences between STs and GTs reported here are not a 

function of differential exposure to either the drug itself, the number of CS-US pairings, or 

learning per se. We used a training procedure that held these variables constant across animals. 

Rather than using sessions of a fixed duration we allowed each animal to take the same number 

of injections each day, insuring that all animals would be exposed to the same amount of drug 

and the same number of CS-drug pairings. Indeed, there were no group differences in learning 

cocaine self-administration behavior. Furthermore, the difference between STs and GTs in the 

Pavlovian task is not attributable to differences in learning, as both groups learn their respective 

CRs at a comparable rate (Robinson and Flagel, 2009). 

What might account for the large difference between STs and GTs in their propensity to 

attribute incentive value to either the food cue or the cocaine cue? Presumably this is due to 

variation in the operation of brain systems that attribute incentive salience to reward cues, or 

brain systems that moderate that process. Of course, there is a wealth of evidence implicating 

ascending mesotelencephalic dopamine (DA) systems in Pavlovian conditioned motivational 

processes (Berridge and Robinson, 1998; Cardinal et al., 2002a; Di Chiara, 1998), which 
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prompts questions about differences in DA function between STs and GTs. Unfortunately, there 

has been very little research on this question, although the little that has been done suggests such 

differences exist (Tomie et al., 2000; Tomie et al., 2008). For example, a recent report (Flagel et 

al., 2007) found higher levels of nucleus accumbens dopamine D1 receptor mRNA and lower 

levels of D2 mRNA in STs compared to GTs, and another found STs are more prone to cocaine 

sensitization (Flagel et al., 2008).  

Recent studies on two selectively-bred lines of rats also suggest a relationship between the 

propensity to attribute incentive salience to reward-related cues and DA (Flagel et al., 2010). 

Rats selectively-bred for up to 18 generations for a high or low locomotor response to a novel 

environment (bHRs and bLRs, respectively) differ dramatically in their propensity to attribute 

incentive salience to reward cues. Essentially all bHR animals approach a cue associated with 

food or with cocaine (they are STs) and no bLRs do so (they are GTs). Furthermore, a food cue 

is a more effective conditional reinforcer in bHR/STs than bLR/GTs. There are a number of 

differences in the DA systems of these animals. The bHR/ST rats are more sensitive to the 

psychomotor activating effects of the DA D2/3 agonist quinpirole, and this behavioral 

supersensitivity is associated with a much greater proportion of DA D2high receptors in the dorsal 

striatum in these animals (despite lower D2 mRNA and no difference in total D2 receptor 

binding). Also, studies using fast-scan cyclic voltammetry revealed that bHR/ST animals have 

more frequent spontaneous DA “release events” in the accumbens core. Thus, the available data 

suggest that animals prone to attribute incentive salience to reward cues (STs) have a more active 

DA system than those who do not (GTs) (Flagel et al., 2010). In addition, with Pavlovian 

training there is a transfer of the phasic DA signal (assessed with fast-scan cyclic voltammetry in 

the accumbens core) from a food US to a lever-CS in STs, but this does not occur in GTs (Flagel 
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et al., 2011b). It appears that during Pavlovian conditioning the transfer of a phasic DA signal 

from the US to the CS is not due to a gain in predictive strength, but requires that the CS be 

attributed with incentive salience - as it is in STs but not GTs. This may be why acquisition of a 

ST CR is DA-dependent whereas learning a GT CR is not (Flagel et al., 2011b). Taken together, 

these data suggest that STs and GTs differ in dopaminergic signaling in ways that may be related 

to differences in their tendency to attribute incentive salience to stimuli. 

The extent to which the ST/GT and HR/LR traits are genetically (or epigenetically) related 

remains to be determined (Flagel et al., 2010). In outbred animals these two traits are not 

correlated (Flagel et al., 2009). Nevertheless, there are other traits that may contribute to 

addiction vulnerability and are associated with the tendency to show a ST or GT phenotype. 

Relative to GTs, both bHR/ST animals (Flagel et al., 2010) and outbred STs have difficulty 

withholding an action in order to receive a reward, as assessed using a differential reinforcement 

of low rates (DRL) task, and STs show more premature (“impulsive”) responses on a 2-choice 

serial reaction time task (Lovic et al., 2011). These studies suggest that STs tend to show 

“impulsive actions” relative to GTs. Of course, individuals that combine both a propensity to 

make “impulsive actions” and to be motivationally aroused by drug cues may be especially 

susceptible to addiction. 

Many of the behaviors characteristic of STs are similar to those seen after a lesion of the 

subthalamic nucleus (STN). Animals with a STN lesion more readily acquire cocaine self-

administration, more readily approach (“sign-track”) cues associated with both food and cocaine 

reward, and show impulsive actions on a DRL task (Uslaner et al., 2008; Uslaner and Robinson, 

2006; Uslaner et al., 2005). These symptoms may be due to an increased tendency to attribute 

incentive salience to reward cues in animals with a STN lesion and, therefore, the STN may be 
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part of a neural system that normally moderates the degree to which incentive salience is 

attributed to reward cues (Uslaner et al., 2008). It should be adaptive to attribute incentive value 

to cues that predict the location of natural rewards, because approaching such cues would often 

lead one to the reward itself. It may also be important, however, to moderate this process, 

because the excessive attribution of incentive salience to cues may be maladaptive and contribute 

to psychopathologies, including over-eating (Schachter, 1968; Weingarten, 1983) and addiction 

(Kapur, 2003; Robinson and Berridge, 1993). Thus, the differences between STs and GTs may 

be due to intrinsic differences in DA systems that actively attribute incentive salience to reward 

cues, to differences in systems that oppose this process, such as the STN, or both. 

In conclusion, we report that it is possible to predict, prior to rats having any experience with 

cocaine, which individuals will most likely show cue-induced reinstatement of cocaine-seeking 

following extinction, and for which ones a cue will motivate drug-taking behavior. It appears rats 

that have a propensity to attribute incentive salience to a food cue also attribute incentive 

salience to a cocaine cue. The neural mechanism(s) responsible for these differences are 

unknown, although preliminary data implicates DA systems. Of course, individuals for whom 

drug cues become attractive will have more difficulty resisting them than individuals for whom 

cues are mere predictors of reward. Thus, cues may continually goad some individuals to action 

(Robinson and Berridge, 1993; Stewart et al., 1984), and this trait may render these individuals 

most susceptible to addiction. It will be important to determine the psychological and 

neurobiological mechanisms responsible for variation in the propensity to attribute incentive 

salience to reward cues, as this may not only increase susceptibility to addiction, but to other 

compulsive behavioral disorders as well, including eating disorders and compulsive gambling. 

 



	

75 
	

LEVER
(8s) ..30-150s..

Food Food

PCA Training (3 Days)
Acquisition (14 Days)

CS US
CS-US 
Pairings

5 10 15 25 40 80

Cocaine Cue
Removal (2 Days)

US

Exp. 1

Re-Acquisition
(4 Days)

Cued Extinction
(28 Days)

Exp. 2
Cue-Induced

Reinstatement (1 Day)Extinction (7 Days)
Abstinence
(30 Days)

US XCS CS

X XCS

X

US
LEVER

(8s)

- Nose Poke = No CS

Legend

CS - Nose Poke = CS On

- Cocaine

- No Stimulus
CS - Light

 

 

Figure 3.1. Schematic illustrating the experimental design. All animals received identical 
Pavlovian conditioned approach (PCA) and cocaine self-administration acquisition training. 
Following acquisition, Experiment 1 (Exp. 1), and Experiment 2 (Exp. 2) diverged as shown. 
During self administration, the conditional stimulus (CS) was a nose poke port cue light and the 
unconditional stimulus (US) was an intravenous infusion of cocaine. Depending on the 
experimental phase, an active nose poke produced the CS and US (Acquisition/Re-Acquisition), 
the CS but no US (Cued Extinction), no CS but the US (Cue Removal), or nothing (X – 
Extinction).  
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Figure 3.2. Behavior directed towards the lever-CS (“sign-tracking”) or the food cup (the 
location of US delivery; “goal-tracking”) during the 8 s CS period on the final day of 
Pavlovian training. The topography of the conditional response (CR) is different in rats 
designated sign-trackers (STs, n=14) vs. goal-trackers (GTs, n=16). The mean ± SEM for (a) 
probability of approaching the lever [# trials with a lever contact/#trials per session] (CS) during 
the 8 s CS period, (b) number of lever contacts (c) latency to the first lever contact after CS 
presentation, (d) probability of approach to the food tray during the 8 s CS period, (e) number of 
food tray contacts during the CS period, and (f) latency to the first food tray entry after CS 
presentation. *, indicates significant group differences, p < 0.001. 
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Figure 3.3. Acquisition of cocaine self-administration behavior in sign-trackers (n=14) and 
goal-trackers (n=16). (a) The mean ± SEM number of cocaine infusions per minute for infusion 
criteria 5, 10, 15, and 25 (0.5 mg/kg/inf) and 40 and 80 (0.2 mg/kg/inf). (b) The mean ± SEM 
number of active and inactive nose poke responses at each infusion criterion. 



	

79 
	

5 10 15 25 40 80

0.2

0.6

1.0

1.4

In
fu

si
on

s 
pe

r 
M

in
ut

e

80

50

150

250

Infusion Criterion

N
os

e 
P

ok
es

a

b
0.5 mg/kg 0.2mg/kg

0.5 mg/kg 0.2mg/kg

Sign-trackers

Goal-trackers

5 10 15 25 40

Active

Inactive

 



	

80 
	

1 2 3 4 5 6 7 8 9

0.6

0.8

1.0

1.2

1.4

Session

In
fu

si
on

s 
pe

r 
M

in
ut

e
a b

Sign-trackers

Goal-trackers

Cue Removal

0.5

1.0

1.5

2.0

2.5

0.5

1.0

1.5

2.0

Goal-trackers

Sign-trackers

Phase

Cue No
Cue

*

 

 

Figure 3.4. Effects of removal of a cocaine-associated cue on self-administration behavior in 
sign-trackers (n=14) and goal-trackers (n=16). (a) The mean ± SEM number of cocaine 
infusions (0.2 mg/kg/infusion) per minute in sign-trackers and goal-trackers in the presence of 
the cocaine cue (sessions 1-3, 6-9) and when the light cue was not presented along with the 
injection of cocaine (sessions 4-5). (b) The rate of cocaine self-administration (infusions/min) for 
individual animals averaged over the baseline period (cocaine cue present, sessions 1-3) and the 
cue removal sessions (sessions 4-5). *, indicates a significant group difference, p < 0.05. 
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Figure 3.5. Extinction of responding for cocaine in sign-trackers (n=14) and goal-trackers 
(n=16), when a response continued to produce the cocaine-associated CS. (a) The mean ± 
SEM number of active responses for the CS, expressed in 4-session blocks. (b) The mean ± SEM 
number of active responses for the CS during the first 4 extinction sessions (effect of group, 
F(1,85) = 4.57, p = 0.035). *, indicates a significant group difference, p < 0.05. 
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Figure 3.6. Cue-induced reinstatement of responding in sign-trackers (n=12) and goal-
trackers (n=13). Following extinction, all animals were given a single, 60-min cue reinstatement 
test session, in which active responses resulted in presentation of the cocaine cue. (a) Mean ± 
SEM number of active port nose pokes in 10-min blocks over the 60-min session. (b) The total 
number of active port responses in individual animals (the solid horizontal line indicates the 
group mean and the dashed line the average number of responses at the inactive port). *, 
indicates a significant group difference, p < 0.05. 
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Chapter 4 

Cue-evoked cocaine “craving”: role of dopamine in the accumbens core 

 

Introduction 

For addicts, cues associated with drug use can acquire powerful control over motivated 

behavior, and can contribute to high rates of relapse, via three overlapping but dissociable 

processes (Milton and Everitt, 2010). First, they can become attractive and attention grabbing, 

eliciting approach toward themselves, which may draw an addict into close proximity with drugs 

and/or drug delivery equipment. Second, they become desirable in their own right, acting as 

conditioned reinforcers. This has the effect of increasing the persistence and flexibility of drug-

seeking behaviors for long periods of time between drug availability. Third, and perhaps most 

important for relapse, they can evoke conditioned motivational states (“wanting” or “craving”) 

capable of spurring new drug-seeking actions or invigorating ongoing ones, even after long 

periods of abstinence (Milton and Everitt, 2010; Robinson and Berridge, 1993; Robinson and 

Berridge, 2001).  

In a series of preclinical studies we have found, however, that there is considerable individual 

variation in the extent to which reward cues, including drugs cues, acquire Pavlovian 

motivational properties, and thus the ability to act as incentive stimuli. When a Pavlovian 

conditional stimulus (CS), predicts the delivery of food reward (unconditional stimulus, US), 

only some rats (sign-trackers, STs; Hearst and Jenkins, 1974) come to find the cue attractive and 
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desirable, in that they will approach it and will avidly work to obtain it. For others (goal-trackers, 

GTs; Boakes, 1977), the cue itself is less attractive, and it is less desired, but it nevertheless 

elicits conditioned approach directed at the location of food delivery (Flagel et al., 2007; 

Robinson and Flagel, 2009). Thus, the cue is an equally effective CS for both STs and GTs, in 

that it produces a conditioned response (CR) in both, but only for STs is it attributed with 

incentive salience, rendering it a motivationally potent incentive stimulus. Importantly, we have 

found that individual variation in the propensity to attribute incentive salience to a food cue, as 

measured by conditioned approach behavior, predicts the extent to which discrete drug cues 

motivate behavior. For example, for STs, a cocaine-associated cue is more attractive, reliably 

eliciting conditioned approach towards it (Yager and Robinson, 2012). Additionally, for STs, a 

cocaine cue is more desired, in the sense that it reinforces more robust drug-seeking behavior, 

relative to GTs (Saunders and Robinson, 2010; Saunders and Robinson, 2011b). 

The ability of drug cues to serve as conditioned reinforcers has received considerable 

attention in preclinical studies. Indeed, in the vast majority of so-called “cue-induced” 

reinstatement studies, the drug cue does not actually induce behavior, but acts to reinforce 

actions already taken (Shaham et al., 2003). In addicts, however, drug cues most often appear 

before drug-seeking actions and instigate such actions by arousing a conditioned motivational 

state of “craving”, which may influence brain and behavior implicitly (Berridge and Robinson, 

2003; Childress et al., 2008; Fischman, 1989; Fischman and Foltin, 1992; Robinson and 

Berridge, 1993). Such conditioned motivational states can be very powerful, promoting drug 

seeking behavior even in the face of a conscious desire to remain abstinent and/or to avoid 

adverse consequences (Epstein and Preston, 2003; Midanik and Greenfield, 2000; Wallace, 

1999). Under some conditions cue-evoked conditioned motivation can reach the level of 
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conscious awareness and may be experienced as a strong urge or desire (craving), and the 

intensity of craving can predict future drug intake and the likelihood of relapse (Carter and 

Tiffany, 1999; Ehrman et al., 1992; Epstein et al., 2009; Preston et al., 2009; Shiffman et al., 

2002; Tiffany and Wray, 2012). The neural mechanisms underlying these conditioned 

motivational states are unclear, but several studies have demonstrated that the intensity of 

subjective craving elicited by drug cues is positively correlated with the magnitude of cue-

evoked dopamine release in the striatum of addicts (Volkow et al., 2008; Wong et al., 2006), 

suggesting a role for dopamine. 

It has proven difficult to examine drug cue-evoked conditioned motivation in preclinical 

studies, because researchers can only indirectly measure implicit “craving”. In many studies, 

Pavlovian-to-instrumental transfer (PIT) procedures (Estes, 1943; Estes, 1948; Lovibond, 1983) 

have been used to infer conditioned motivation for food cues, but until recently, none have 

demonstrated such an effect with drug cues. LeBlanc et al. (2012), using a PIT paradigm, were 

first to successfully demonstrate that the noncontingent presentation of a cocaine cue can 

invigorate ongoing self-administration behavior (see Corbit and Janak, 2007b for a 

demonstration of orally-administered alcohol-cue PIT). However, attempts to model conditioned 

motivational mechanisms of relapse in rats, via the noncontingent presentation of drug cues, 

have so far been relatively unsuccessful (de Wit and Stewart, 1981; Deroche-Gamonet et al., 

2002; Grimm et al., 2000). To that end, we utilized a novel procedure, adapted from Cooper et 

al. (2007), to access the ability of a cocaine cue to produce conditioned “craving” that spurs 

drug-seeking behavior in the face of adverse consequences. In this procedure, rats are faced with 

a choice between continuing to take drug, but suffering adverse consequences if they do 

(footshock), or abstaining. When the cost is sufficiently high rats will abstain, which then allows 
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the opportunity to test the ability of presentation of the drug cue to evoke drug-seeking, despite 

the continued presence of the adverse consequence. We hypothesized that in individuals for 

whom food cues acquire exaggerated incentive motivational value, a cocaine cue would be more 

effective at evoking drug-seeking. Furthermore, we examined the role of dopamine in cocaine 

cue-evoked “craving”. We focused on dopamine signaling specifically within the nucleus 

accumbens core, because this region is critical for the expression of motivated behaviors 

(Cardinal et al., 2002a; Ikemoto and Panksepp, 1999), and dopamine signaling there is necessary 

for food-cue PIT to occur (Corbit and Balleine, 2011; Hall et al., 2001; Lex and Hauber, 2008). 

Materials and Methods 

Subjects 

Male Sprague Dawley rats (N=71; Harlan, IN) weighing 275-325 grams at surgery were 

individually housed in a temperature and humidity controlled colony room on a 12-hr light/12-hr 

dark cycle (lights on at 0800 hr). Water and food were available ad libitum (i.e., rats were not 

food deprived at any time). After arrival rats were given one week to acclimate to the colony 

room before any testing began. During this period they were handled periodically by the 

experimenter. All procedures were approved by the University of Michigan Committee on the 

Use and Care of Animals (UCUCA). 

Apparatus 

Behavioral testing was conducted in standard (30.5 x 24.1 x 21 cm) test chambers (Med 

Associates Inc., St. Albans, VT, USA) located inside sound-attenuating cabinets. A ventilating 

fan masked background noise. For Pavlovian training each chamber had a food cup located in the 

center of one wall, 3 cm above a stainless steel grid floor. Head entries into the food cup were 

recorded by breaks of an infrared photobeam located inside. A retractable lever that could be 
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illuminated from behind was located 2.5 cm to the left or right of the food cup, approximately 6 

cm above the floor. The location of the lever with respect to the food cup was counterbalanced 

across rats. On the wall opposite the food cup, a red house light remained illuminated throughout 

all experimental sessions. Responses were recorded using Med Associates software.  

Surgery 

Following Pavlovian training, rats were prepared with intravenous catheters as described 

previously (Crombag et al., 2000) under ketamine hydrochloride (100 mg/kg i.p.) and xylazine 

(10 mg/kg i.p.) anesthesia. Following surgery, catheters were flushed daily with 0.2 ml sterile 

saline containing 5 mg/ml gentamicin sulfate (Vedco, MO) to minimize infection and prevent 

occlusions. Catheter patency was tested at the end of testing by intravenous injection of 0.2 ml 

sodium thiopental (20 mg/ml in sterile water, Hospira, IL). Only rats that became ataxic within 

5-10 s were considered to have patent catheters and included in the analyses. For Experiment 2, 

after receiving an intravenous catheter, rats were positioned in a stereotaxic apparatus (David 

Kopf Instruments, Tujunga, CA). The skull of each rat was leveled and chronic guide cannulae 

(22 gauge stainless steel; Plastics One) were inserted bilaterally 2 mm above the target site in the 

nucleus accumbens core (relative to Bregma: anterior +1.8 mm; lateral +1.6 mm; ventral -5.0 

mm). Guide cannulae were secured with skull screws and acrylic cement, and wire stylets (28 

gauge, Plastics One) were inserted to prevent occlusion. After surgery, all rats received antibiotic 

and carprofen (5 mg/kg) for pain. Rats were allowed to recover from surgery for at least 7 days 

before testing began. 

Microinjections 

In Experiment 2, before the reinstatement test session, rats received a single microinjection 

of either vehicle (0.9% sterile saline) flupenthixol (20 µg in saline; Sigma, St. Louis, MO), a 
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relatively nonselective dopamine receptor antagonist, or d-amphetamine sulfate (10 µg in saline; 

Sigma, St. Louis, MO), an indirect dopamine agonist. Drug doses were based on previous studies 

(e.g., Di Ciano et al., 2001; Ito and Hayen, 2011; Saunders and Robinson, 2012; Wyvell and 

Berridge, 2000). Intracerebral microinjections were made through 28 gauge injector cannulae 

(Plastics One) lowered to the injection site in the nucleus accumbens core (ventral -7.0 mm 

relative to skull), 2 mm below the ventral tip of the guide cannulae. During infusions, rats were 

gently held by the experimenter. All infusions were administered bilaterally at a volume of 0.5 

µl/side, delivered over 90 s using a syringe pump (Harvard Apparatus, Holliston, MA) connected 

to microinjection cannulae via PE-20 tubing. After infusions, the injectors were left in place for 

60 s to allow for drug diffusion before being withdrawn and replaced with wire stylets. Rats 

received a microinjection of saline approximately 5 days before the reinstatement test, to 

acclimate them to the injection procedure. 

Procedure 

Experiment 1: Individual variation in cocaine cue-evoked reinstatement 

Pavlovian training: Pavlovian training procedures were the similar to those described 

previously (Flagel et al., 2007; Saunders and Robinson, 2010). For two days prior to the start of 

training, 10 banana-flavored pellets (45 mg, BioServe, #F0059; Frenchtown, NJ) were placed in 

the home cages to familiarize the rats with this food. Approximately one week after arrival, rats 

were placed in the test chambers, with the lever retracted, and trained to retrieve pellets from the 

food cup by receiving 25 45-mg banana pellets on a variable time (VT) 30-sec schedule. All rats 

retrieved the pellets and began Pavlovian training the next day. Each trial consisted of insertion 

(and simultaneous illumination) of the lever (CS) into the chamber for 8 s, after which time the 

lever was retracted and a single food pellet (US) was immediately delivered into the adjacent 
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food cup. Each training session consisted of 25 trials in which CS-US pairings occurred on a 

variable time (VT) 90-s schedule (the time between CS presentations varied randomly between 

30 and 150 s). Lever deflections, food cup entries during the 8-s CS period, latency to the first 

lever deflection, latency to first food cup entry during the CS period, and food cup entries during 

the inter-trial interval were measured. 

Quantification of behavior using an index of Pavlovian conditioned approach (PCA): For 

some analyses rats were classed into three groups: (1) Those that preferentially interacted with 

the lever (“sign-trackers”, STs), (2) those that preferentially interacted with the food cup during 

lever presentation (“goal-trackers”, GTs), and (3) those that had no clear preference for the lever 

or food cup (“intermediates”, INs). The extent to which behavior was lever (CS) or food-cup 

directed was quantified using a composite index (Lovic et al., 2011; Meyer et al., 2012a; 

Saunders and Robinson, 2011b) that incorporated three measures of Pavlovian conditioned 

approach: (1) the probability of either deflecting the lever or entering the food cup during each 

CS period [P(lever) - P(food cup)]; (2) the response bias for contacting the lever or the food cup 

during each CS period [(#lever deflections - #food-cup entries) / (#lever deflections + #food-cup 

entries)]; and (3) the latency to contact the lever or the food cup during the CS period [(lever 

deflection latency - food-cup entry latency) / 8]. Thus, the Pavlovian conditioned approach index 

(PCA Index) score consisted of [(Probability difference score + Responses bias score + Latency 

difference score) / 3]. This formula produces values on a scale ranging from -1.0 to +1.0, where 

scores approaching -1.0 represent a strong food cup-directed bias and scores approaching +1.0 

represent strong lever-directed bias. The average PCA Index score for days 4 and 5 of training 

was used to class rats. Rats were designated STs if they obtained an average index score of +0.25 

or greater, and as GTs if they obtained a score of -0.25 or less. The remaining rats within the -
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0.24/+0.24 range were classed as INs. Note that in Experiment 2, INs were excluded from further 

study. 

Self-administration  

Acquisition: Self-administration sessions began one week after surgery in chambers outfitted 

with two nose ports, but no levers or food magazine. A nose poke into the active port resulted in 

an intravenous injection of cocaine HCl (0.4 mg (weight of the salt) per kg per infusion in 50 µl 

of saline delivered over 2.6 s) on a fixed ratio (FR) 1 schedule. Coincident with the start of an 

infusion was 20-s timeout period, during which the active nose poke light was illuminated. This 

light served as the CS signaling cocaine delivery. We utilized a training procedure that 

guaranteed all rats received exactly the same number of cocaine injections, by imposing an 

infusion criterion (IC) on self-administration sessions (i.e., session length was determined by 

how long it took each rat to reach the IC, not by an explicit time limit (see Saunders and 

Robinson, 2010; Saunders and Robinson, 2011b). Rats were initially allowed to take 10 infusions 

per session for three sessions, and this IC was then increased to 20 for three sessions and finally 

to 40 infusions for five sessions. 

Imposition of adverse consequences to drug self administration: In most reinstatement 

studies, following self-administration acquisition animals are put through extinction training to 

reduce behavior to a low level before a reinstatement test (Shaham et al., 2003).  However, we 

wanted to avoid extinction training, for two reasons. 1. Addicts do not undergo extinction 

training prior to relapse, but may be abstinent for a number of reasons, including adverse 

consequences of continued drug use. 2. Extinction training itself has important effects on brain 

and behavior (Knackstedt et al., 2010). Therefore, we adapted a procedure based one developed 

by Cooper et al. (2007), where adverse consequences (footshock) are imposed on drug seeking, 
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and gradually escalated until drug taking reaches near-abstinence levels (Figure 4.1). During this 

phase, after the acquisition of stable cocaine self administration behavior, sessions were no 

longer determined by number of infusions, but instead were limited to 30 min/day. Electric 

current was applied to the front two-thirds of the chamber floor throughout these sessions, such 

that rats were required to walk across the electrified portion of the floor in order to make a nose 

poke and receive cocaine infusions, which remained paired with the cocaine cue. Thus, in 

contrast to extinction procedures, drug and the drug CS remained available at all times, but rats 

were faced with a choice of whether or not to continue taking cocaine in the face of rising 

negative consequences. Initially, rats received a 30-min session with footshock set at 0 milliamps 

(mA), to establish baseline levels of behavior, followed by successive sessions with footshock 

set at 0.15, 0.20, and 0.25 mA. At this point, any rats that took fewer than 5 cocaine infusions 

received one additional session with the same shock intensity. For any rats that took more than 5 

infusions, the footshock intensity was increased in subsequent sessions by increments of 0.05 

mA, until they took fewer than 5 infusions. Following this adverse consequences training phase, 

rats were returned to their home cages for a two-week “incubation” period (Grimm et al., 2001) 

before the reinstatement test.  

Reinstatement: After the incubation period, rats were returned to the self-administration 

chambers for a 30-min reinstatement test under extinction conditions. Importantly, during this 

session, the front two-thirds of chamber floor was electrified, as before, but at 50% of the 

intensity each rat reached at the end of shock training. Additionally, the cocaine-associated cue 

light was illuminated noncontingently, that is, independent of the rat’s behavior, for 20 s every 3 

minutes (thus, in this test, nose pokes did not produce the drug paired cue, and thus the cue did 

not act as a conditioned reinforcer). This was done in order to isolate the ability of the cocaine 
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cue to evoke drug-seeking behavior (to "goad actions", see Stewart et al., 1984), presumably 

because they generated a conditioned motivational state (“wanting”), from its ability to reinforce 

actions already emitted. 

Experiment 2: The role of nucleus accumbens core dopamine in cocaine cue-evoked 

reinstatement 

A separate cohort of rats was used in Experiment 2 (n=43). All procedures leading up to the 

reinstatement session were identical to Experiment 1. 

Reinstatement: Following the incubation period, STs and GTs were assigned to one of three 

drug treatments: vehicle (saline), flupenthixol, or amphetamine, for a total of six independent 

groups: ST-VEH (n=8), ST-FLU (n=8), ST-AMPH (n=7), GT-VEH (n=6), GT-FLU (n=7), and 

GT-AMPH (n=7). On the day of the reinstatement test, each rat received a single microinjection, 

as described above, before being placed in the test chamber 10-15 min later. Reinstatement 

session parameters, including noncontingent cue presentations, were identical to Experiment 1. 

Histology 

After the completion of all behavioral testing, rats in Experiment 2 were anesthetized with an 

overdose of sodium pentobarbital and their brains were removed and flash frozen in isopentane 

chilled to approximately -30 C by a mixture of isopropyl alcohol and dry ice. Frozen brains were 

sectioned on a cryostat at a thickness of 60 µm, mounted on slides, air-dried, and stained with 

cresyl violet. Microinjection sites were verified by light microscopy and plotted onto drawings 

from a rat brain atlas (Paxinos and Watson, 2007).   

Statistical Analyses 

Linear mixed-models (LMM) analyses of variance (ANOVA) were used for all repeated-

measures data. The best-fitting model of repeated measures covariance was determined by the 
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lowest Akaike information criterion score (Verbeke, 2009). Depending on the model selected, 

the degrees of freedom may have been adjusted to a non-integer value. Two-way ANOVAs were 

used to compare group responding during reinstatement tests. T tests were used for planned 

comparisons of group means. Pearson’s correlations were used to compare reinstatement 

responding to PCA index scores in Experiment 1. Statistical significance was set at p < 0.05.  

Results 

Experiment 1 – Individual variation in Pavlovian conditioned approach (PCA) behavior 

Figure 4.2 illustrates the degree of individual variation in PCA behavior in the rats used in 

Experiment 1 (n = 28), by plotting the distribution of individual rat PCA index scores. Similar to 

our previous reports (Flagel et al., 2007; Saunders and Robinson, 2012), we found large variation 

in the type of conditioned responses different rats made. Rats classed as STs, which 

preferentially directed their CR towards the CS (lever), were defined as those with PCA index 

scores ranging from +0.25 to +1.0. Rats classed at GTs, conversely, which preferentially directed 

their CR towards the food cup during the CS period, had PCA index scores ranging from -0.25 to 

-1.0. Finally, IN rats, that vacillated between CS-directed and food cup-directed CRs, were those 

with scores ranging from -0.24 to +0.24. 

Acquisition of cocaine self-administration in STs, GTs, and INs 

Consistent with previous reports (Saunders and Robinson, 2010; Saunders and Robinson, 

2011b), there were no group differences in the acquisition of cocaine self administration 

behavior (Figure 4.3). STs, INs, and GTs did not differ in the number of active (no effect of 

group, F(2,25) = 0.413, p = 0.666; Figure 4.3A) or inactive nose pokes (no effect of group, F(2,25) = 

0.321, p = 0.729) they made across the IC. To further examine the pattern of self administration 

behavior at the end of training, we analyzed within-session responding during the final two 
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sessions at IC 40. The pattern of cocaine intake did not differ across groups, with all showing 

consistent and uniform rates of cocaine intake (Figure 4.3B). 

Cocaine self administration in the face of adverse consequences 

Rats were next allowed to continue to self administer cocaine, but to do so were required to 

walk across an electrified portion of the chamber floor. As footshock intensity increased, STs, 

INs, and GTs all significantly decreased the number of cocaine infusions they took (effect of 

shock intensity, F(5,26.18) = 46.784, p < 0.001; Figure 4.4A). Importantly, there were no group 

differences in the total number of cocaine infusions taken (effect of group, F(2,15.18) = 2.308, p = 

0.133; Figure 4.4A). Additionally, there were no group differences in the final shock intensity 

required to reduce responding to the criterion level of fewer than 5 infusions in a session (effect 

of group, F(2,25) = 0.711, p = 0.501; Figure 4.4B). Thus, there was no indication that STs, GTs, or 

INs were differentially sensitive to footshock.  

Individual variation in the ability of a cocaine cue to spur drug-seeking behavior in the face 

of adverse consequences 

We next tested the ability of presentation of the cocaine cue (the light in the nose port), 

independent of any action, to spur drug-seeking behavior, as indicated by active nose pokes, 

even when making a nose poke response would still require crossing the electrified floor. 

Although all groups discriminated between active and inactive nose pokes (effect of port, F(1,50) = 

50.204, p < 0.001), there were significant group differences in the degree of cue-evoked drug-

seeking behavior (group by nosepoke interaction, F(2,50) = 4.453, p = 0.017; Figure 4.5A). 

Planned comparisons of the groups revealed that both STs (t(18) = 3.23, p = 0.002) and INs (t(16) = 

2.68, p = 0.008) made significantly more active responses during the reinstatement test, relative 

to GTs. Additionally, we found that the vigor of cue-induced drug-seeking behavior was 
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significantly correlated with PCA index scores. Indeed, variation in PCA Index scores accounted 

for 25.3% of the variance in active responses during the reinstatement test (R2 = 0.253, p = 

0.0032; Figure 4.5B). We separately analyzed the number of active responses rats made 

specifically while the CS was illuminated (CS active responses), and found that this also was 

significantly correlated with PCA index scores (data not shown; R2 = 0.1980; p = 0.0088). Thus, 

the degree to which a rat approached and engaged a food-associated cue during Pavlovian 

training predicted the extent to which a cocaine cue later evoked drug-seeking behavior in the 

face of adverse consequences. 

Experiment 2 – The role of accumbens dopamine in cocaine cue-evoked reinstatement 

Pavlovian training and acquisition of cocaine self administration were very similar to 

Experiment 1 so the data are not shown. 

Cocaine self administration in the face of adverse consequences 

As footshock intensity increased all groups in Experiment 2 decreased the number of cocaine 

infusions they took to a very low level (effect of shock intensity, F(4, 62.25) = 68.436, p < 0.001) 

and there were no group differences in the total amount of cocaine infusions taken (no effect 

group, F(5,41.59) = 0.459, p = 0.804). The data looked very much as in Experiment 1 and so are not 

shown. There were also no group differences in the final shock intensity required to reduce 

responding to criterion (no effect of group, F(5,37) = 0.180, p = 0.969; Figure 4.6). 

Dopamine receptor blockade in the nucleus accumbens core preferentially suppresses cue-

evoked drug-seeking in STs 

We first compared STs and GTs who received vehicle prior to the reinstatement test and 

found that STs reinstated to a greater degree than GTs, which replicates the finding from 

Experiment 1 (group by nosepoke interaction, F(1,24) = 6.893, p = 0.015; Figure 4.7A). 
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Flupenthixol suppressed cue-evoked drug seeking relative to vehicle in both STs and GTs (effect 

of treatment, F(1,25) = 28.158, p < 0.001; Figure 4.7A), but did so to a significantly greater degree 

in STs than GTs (group by treatment interaction, F(1,25) = 6.753, p = 0.015; Figure 4.7A). 

Furthermore, in STs flupenthixol suppressed active responses to a greater extent than inactive 

responses, suggesting that the effect was not due to nonspecific motor impairments (treatment by 

nosepoke interaction for STs, F(1,28) = 39.686, p < 0.001). Finally, we found that in STs, but not 

GTs, flupenthixol significantly reduced the number of active responses made during the 20-sec 

periods when the cocaine CS was present, relative to vehicle (STs, t(14) = 2.166, p = 0.024;, GTs, 

(t(11) = 1.322, p = 0.106; Figure 4.7B). We should note, however, that GTs made very few 

responses during the CS period even after vehicle administration, so there is likely a floor effect 

on their suppression. 

Amphetamine in the accumbens core preferentially enhances cue-evoked drug-seeking in 

STs 

Amphetamine increased total active responses relative to vehicle levels in both STs and GTs 

(effect of treatment, F(1,24) = 15.134, p = 0.001; Figure 4.7C), and there was a trend towards 

preferential enhancement of active responding in STs, relative to GTs (trend for group by 

treatment interaction, F(1,24) = 4.083, p = 0.055), though this effect did not reach statistical 

significance. Importantly, we analyzed the effect of amphetamine on active versus inactive 

responding, within each group. Amphetamine preferentially enhanced responding at the active 

nose poke in STs (treatment by nosepoke interaction for STs, F(1,26) = 10.512, p = 0.003), but not 

GTs (no treatment by nosepoke interaction for GTs, F(1,22) = 4.165, p = 0.053), suggesting that 

the increased reinstatement effect in STs was not due to a nonspecific enhancement of behavior. 

We separately analyzed the effects of amphetamine on CS active responses. Relative to vehicle, 
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amphetamine caused an increase in the number of CS active responses (effect of treatment, F(1,24) 

= 10.397, p < 0.004; Figure 4.7D), but this potentiation effect was greater in STs (group by 

treatment interaction, F(1,24) = 5.028, p = 0.034). 

Histological verification of cannulae placements 

Figure 4.8 illustrates the location of the microinjection tips within the nucleus accumbens 

core for rats used in Experiment 2. 

Discussion 

As recently summarized by Milton and Everitt (2010), drug-associated stimuli can promote 

relapse via three related but dissociable mechanisms: by motivating approach behavior, acting as 

conditioned reinforcers, or instigating conditioned motivational states that spur seeking. Most 

preclinical models of relapse utilize procedures that only directly assess the conditioned 

reinforcing properties of drug cues (de Wit and Stewart, 1981; Shaham et al., 2003). However, in 

addicts, Pavlovian drug cues often produce a conditioned motivational state that instigates and/or 

invigorates drug seeking actions, rather than reinforcing actions already taken. Using a novel 

reinstatement procedure, we report that a cocaine cue, presented independent of any action, 

instigated drug-seeking behavior behavior in rats, despite adverse consequences. This suggests 

that, as in addicts, cocaine cues can generate a conditioned motivational state of “craving” in 

rodents. To our knowledge, this represents the first clear demonstration of this phenomenon in 

rats (see below for further discussion). Importantly, we found large individual differences in the 

ability of the cocaine cue to evoke drug-seeking behavior. Cue-induced cocaine-seeking behavior 

was the greatest in rats that were also prone to attribute incentive salience to a food cue. 

Furthermore, we found that dopamine signaling within the nucleus accumbens core was 

necessary for cue-evoked cocaine seeking, and potentiation of dopamine signaling within the 
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core was sufficient to enhance cue-evoked cocaine-seeking. This suggests that the ability of a 

drug cue to arouse a conditioned motivational state of “craving” is strongly modulated by 

dopamine neurotransmission in the accumbens core. Our findings are consistent with a recent 

report showing that a Pavlovian cocaine cue can also invigorate ongoing self-administration 

behavior (LeBlanc et al., 2012). These results have a number of implications for thinking about 

the role of drug cues in relapse, as well as the contribution of dopamine to cue-elicited reward 

seeking. 

Assessing the validity of preclinical relapse models 

Traditional reinstatement studies clearly illustrate that drug cues can acquire powerful 

conditioned reinforcing properties, but there are limitations to their interpretability as a model of 

relapse. First, these studies do not present drug cues in the way that addicts typically encounter 

them. That is, in addicts cues usually provoke (motivate) actions to procure drugs, rather than 

reinforcing actions already taken. Few preclinical studies have addressed this relapse 

mechanism, however, and with mixed results. For example, following extinction of self-

administration behavior drug cues presented noncontingently (i.e., independent of any action) are 

not very effective in producing reinstatement (de Wit and Stewart, 1981; Grimm et al., 2000; 

Kruzich et al., 2001) or produce only very low levels of responding (Deroche-Gamonet et al., 

2002), which is why in most reinstatement studies drug-seeking actions are reinforced by 

presentation of the cue. Second, most reinstatement studies incorporate extinction training to 

reduce behavior to low levels before a test session. Human addicts rarely undergo extinction 

training, however, and typically forgo drug use due to rising negative costs (i.e., poor health, 

financial limitations, incarceration; Epstein and Preston, 2003). Additionally, extinction training, 

compared to abstinence alone, induces brain plasticity mechanisms, particularly within the 
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nucleus accumbens, that act to inhibit future drug seeking and may obscure drug-induced 

changes (Knackstedt et al., 2010). Furthermore, compared to abstinence, after extinction training, 

different neural structures become necessary for reinstatement (Fuchs et al., 2006). Thus, 

procedures utilizing extinction may inaccurately assess the ability of cues to produce 

reinstatement, and/or the brain systems that underlie reinstatement. In a recent study, Cooper et 

al. (2007) utilized an escalating negative consequences procedure, rather than extinction, similar 

to our study, but in their reinstatement test both response contingent and noncontingent cues 

were present. Thus, conditioned reinforcement and conditioned motivational mechanisms of 

drug-seeking were confounded.  

With the current study, we avoided these issues, in order to isolate the ability of a drug cue to 

instigate drug-seeking by generating a conditioned motivational state. Not only was the cue 

sufficient to instigate responding, it did so even though rats were required to experience 

footshock in order to make a drug-seeking response. Importantly, however, we found 

considerable variation in the intensity of cue-evoked cocaine-seeking. This may be one reason it 

has proven difficult to promote robust drug-seeking behavior unless the cue was able to serve as 

a conditioned reinforcer.  It also suggests that this procedure may be especially useful for 

examining individual differences in susceptibility to relapse. We found that the cocaine cue 

instigated much more robust cocaine-seeking behavior in rats prone to attribute incentive 

salience to a food cue (STs), than in those less prone to attribute incentive salience to a food cue 

(GTs). This is the first evidence that STs and GTs differ in the ability of a discrete reward cue to 

instigate conditioned motivation, extending our previous studies, which showed that discrete 

cocaine cues instigate greater approach behavior in STs, and that a discrete cocaine cue serves as 

a more robust conditioned reinforcer in STs (Saunders and Robinson, 2010; Yager and 
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Robinson, 2012). Additionally these results are consistent with another recent study, where we 

demonstrated that a cocaine “priming” injection reinstates cocaine seeking behavior to a greater 

degree in STs. The paradigm used in the current study is functionally equivalent to a traditional 

PIT procedure, in that a drug-associated CS, when presented independent of behavior, 

invigorated instrumental responding. Interestingly, our results fit together with a recent report by 

Barker et al. (2012), demonstrating that for rats that showed the greatest PIT in response to a 

food-associated cue an alcohol-associated cue produced greater reinstatement behavior. 

The role of dopamine in cue-evoked drug seeking  

Dopamine signaling has been implicated in underlying the incentive motivational properties 

of Pavlovian reward cues, in particular in transforming motivationally “cold” CSs into attractive 

and invigorating incentive stimuli (Berridge, 2007; Berridge, 2012; Robinson and Berridge, 

1993). For example, dopamine-specific lesions or receptor blockade, both systemically and 

within the nucleus accumbens core, attenuate sign-tracking conditioned approach CRs, and 

conditioned reinforcement for food-associated stimuli (Cardinal et al., 2002b; Di Ciano et al., 

2001; Flagel et al., 2011b; Hall et al., 2001; Saunders and Robinson, 2012; Taylor and Robbins, 

1986). Potentiation of dopamine release, conversely, increases sign-tracking approach CRs 

behavior (Hitchcott et al., 1997; Holden and Peoples, 2010; Phillips et al., 2003a; but see Simon 

et al., 2009), and also increases the conditioned reinforcing effects of discrete food and drug-

associated cues (Collins et al., 2012; Hill, 1970; Kelley and Delfs, 1991; Robbins, 1975, 1976; 

Taylor and Robbins, 1984). 

Additionally, dopamine signaling is necessary for Pavlovian food cues to produce 

conditioned motivation, as measured with PIT procedures. For example, blockade of dopamine 

receptors, either systemically, or within the nucleus accumbens, attenuates PIT (Dickinson et al., 
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2000; Lex and Hauber, 2008; Ostlund and Maidment, 2012; Wassum et al., 2011), while 

potentiation of dopamine transmission, via drug-induced sensitization or treatment with 

dopamine-enhancing drugs, increases PIT effects (Saddoris et al., 2011; Wyvell and Berridge, 

2000, 2001). As recently put by LeBlanc et al. (2012), “It will be of interest to see whether 

dopamine plays a similar role in cocaine-motivated PIT…”. Our results suggest that it does. 

Dopamine signaling within the accumbens core appears to be both necessary for cocaine-cue 

PIT, and sufficient on its own to enhance cocaine-cue PIT. Interestingly, amphetamine 

selectively amplified the number of cocaine-seeking responses made by STs, but not GTs, 

specifically during the brief cue presentations. Thus, manipulation of dopamine signaling within 

the accumbens core specifically enhanced the motivational value of the cocaine cue, and only in 

some rats, and did not simply alter the probability of making nose poke responses. 

It is important to note that in addition to potentiating release and preventing reuptake of 

dopamine, amphetamine also has similar effects on other monoamines, such as serotonin and 

norepinephrine (Moore, 1978; Seiden et al., 1993). Thus, signaling of other neurochemicals may 

have been partly involved in the increased reinstatement we saw following amphetamine 

administration. 

Pavlovian cues can instigate or invigorate instrumental behavior, as is often measured using 

PIT procedures, via two mechanisms. First, cues have general enhancement effects that are 

outcome independent, in that their presence facilitates instrumental responding for any appetitive 

outcome, even those the cue was never paired with (Balleine, 1994; Dickinson and Dawson, 

1987). Second, outcome-specific enhancement can occur, where a cue biases instrumental 

actions that result in the same outcome with which the cue was previously paired (Colwill and 

Rescorla, 1988; Kruse et al., 1983). This cue-evoked reinstatement we found here is likely the 
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result of a general enhancement effect, for at least two reasons. One, no action besides active 

nose poking was ever associated with different cues or rewards, meaning that action bias was 

impossible. Two, the general, but not specific enhancing effects of Pavlovian cues on food-

seeking behavior is dependent on dopamine signaling (Ostlund and Maidment, 2012) and 

activity in the nucleus accumbens core (Corbit and Balleine, 2011; Hall et al., 2001). 

Clinical relevance 

Our results provide preclinical evidence for suspected mechanisms of cue-induced 

conditioned motivational states, such as implicit “craving”, in addicts. Importantly, conditioned 

motivational states can be elicited by drug-associated stimuli, and spur drug-seeking behavior in 

addicts, even outside of conscious awareness. For example, addicts will preferentially respond to 

receive an injection of a sub-conscious threshold dose of cocaine, over an injection of saline, 

even though they report having had no such preference (Fischman, 1989; Fischman and Foltin, 

1992). Furthermore, drug cues can elicit brain activity in the striatum, amygdala, and other 

regions in cocaine addicts, even when the cues are presented in such a way that they escape 

conscious detection (Childress et al., 2008). Our results suggest that endogenous dopamine 

signaling, at least within the nucleus accumbens core, is critical for a drug-associated cue to 

evoke a conditioned “craving” that is powerful enough to spur drug seeking, even in the face of 

adverse consequences. 

Unconscious “craving” states can, however, rise to the level of conscious awareness, where 

they can be measured as subjective craving (Fischman, 1989; Fischman and Foltin, 1992; Jaffe et 

al., 1989). Several human studies have shown that when addicts view drug-associated cues, 

dopamine surges within the striatum, and the magnitude of release is positively correlated with 

self-reported subjective craving (Boileau et al., 2007; Volkow et al., 2006; Wong et al., 2006; 



	

103 
	

Zijlstra et al., 2008). Thus, dopamine may have a role in drug-related conscious motivational 

states, but it remains unclear under what conditions these states implicitly motivate behavior, 

versus when addicts become consciously aware of them. We should also point out, however, that 

human studies indicate that dopamine has other, broader roles in processing drug cues. For 

example, dopamine signaling regulates the degree to which drug cues bias the attention of 

addicts (Ersche et al., 2010; Franken et al., 2004; Hitsman et al., 2008; Munafo et al., 2007). 

Thus, it is possible that an important factor mediating the ability of the cocaine cue to spur 

reinstatement in our study was the amount of attention the cue captured. Dopamine in the 

accumbens core may be involved in regulating cue attention and/or perceptual salience, in 

addition to generating the motivation to make a drug-seeking response. Consistent with this 

notion is a human study by Franken et al. (2004) who found that administration of haloperidol, a 

dopamine receptor antagonist, reduced attentional bias to heroin cues among heroin addicts. 

In conclusion, we suggest that there are robust individual differences in the ability of drug 

cues to instigate conditioned motivational states that spur relapse, and that these differences are 

bidirectionally controlled by dopamine signaling within the nucleus accumbens core. This may 

be a key mechanism by which cues contribute to the persistent threat of relapse in addicts. 
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Figure 4.1. Overview of self administration and reinstatement procedures. Rats were first 
trained to self administer cocaine paired with a discrete visual cue (left panel). Following the 
acquisition of stable self administration, the front two-thirds of the chamber floor was electrified. 
Initially, footshock was applied at a low intensity, and rats continued to self administer cocaine 
(second panel). Footshock intensity was gradually escalated, resulting in a near complete 
discontinuation of cocaine self administration (third panel). During the reinstatement test, 
conducted under extinction conditions, the cocaine-associated cue was presented 
noncontingently throughout the session, which caused rats to cross the electrified floor and 
reinstate (right panel). 
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Figure 4.2. Individual variation in PCA behavior. PCA index scores for individual rats used 
in Experiment 1 are plotted. Rats receiving a score between +1.0 and +0.25 were classed as sign 
trackers (STs), those with a score between +0.24 and -0.24 were classed as intermediates (INs), 
and those with a score between -0.25 and -1.0 were classed as goal trackers (GTs). 
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Figure 4.3. Acquisition of cocaine (0.4 mg/kg) self-administration behavior in STs (n=10), 
INs (n=8), and GTs (n=10) in Experiment 1. A) The average number of active and inactive 
nose poke responses made at infusion criteria (IC) 10, 20, and 40. B) The average cumulative 
interinfusion interval during the last two self administration sessions at IC 40. Symbols represent 
the mean ± SEM. 
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Figure 4.4. Self administration in the face of adverse consequences. Experiment 1. A) 
Average number of cocaine infusions taken at escalating footshock intensities for STs (n=10), 
INs (n=8), and GTs (n=10) in Experiment 1. B) Average final footshock intensity reached per 
group. Symbols represent the mean ± SEM.  
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Figure 4.5. Individual variation in cue-evoked reinstatement. A) Average total active nose 
pokes made during the 30-min reinstatement test for STs (n=10), INs (n=8), and GTs (n=10) in 
Experiment 1. Dotted lines represent inactive nose pokes. B) Number of active responses made 
during the reinstatement test for each rat in Experiment 1, as a function of PCA index score. 
Error bars represent the mean ± SEM. *P < 0.05. 
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Figure 4.6. Self administration in the face of adverse consequences. Experiment 2. The 
average final shock intensity reached for rats grouped based on the drug treatment they received 
before the reinstatement test: ST-VEH (n=8), ST-FLU (n=8), ST-AMPH (n=7), GT-VEH (n=6), 
GT-FLU (n=7), and GT-AMPH (n=7). Symbols represent the mean ± SEM. 
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Figure 4.7. Effect of flupenthixol or amphetamine on cue-evoked reinstatement. A) Average 
total active responses made for rats that received either vehicle or flupenthixol (20 µg) prior to 
the reinstatement test. B) Average number of active responses made during CS presentations in 
the reinstatement test for vehicle and flupenthixol treated rats. C) Average total active responses 
made during the reinstatement test for rats treated with vehicle of amphetamine (10 µg). D) 
Average CS active responses for vehicle and amphetamine treated rats. Symbols represent the 
mean ± SEM. *P < 0.05.  
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Figure 4.8. Location of microinjection tips within the nucleus accumbens core relative to 
Bregma for rats used in Experiment 2. 
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Chapter 5 

Individual variation in the motivational properties of cocaine  

 

Introduction 

Cues associated with rewards can act as predictive conditional stimuli (CS), but if they are 

attributed with Pavlovian incentive motivational value (“incentive salience”) they can also act as 

incentive stimuli, and thus exert considerable control over motivated behavior (Berridge, 2001; 

Bindra, 1978; Cardinal et al., 2002a; Flagel et al., 2009; Rescorla, 1988; Stewart et al., 1984). 

Indeed, incentive stimuli can acquire such a strong hold over behavior that some individuals 

have difficulty resisting them. For example, drug cues, including the places and paraphernalia 

associated with drug use, powerfully motivate behavior. In addicts, drug cues engage attention 

more powerfully than other stimuli (Duka and Townshend, 2004; Field and Cox, 2008; 

Schoenmakers et al., 2008), can provoke craving and relapse (Ehrman et al., 1992; O'Brien et al., 

1992), and even stimulate “approach” behavior (Wiers et al., 2009). In non-human animals, drug 

cues are attractive and “wanted,” facilitating approach and self-administration (Arroyo et al., 

1998; Caggiula et al., 2001; Schenk and Partridge, 2001; Uslaner et al., 2006), and serve as 

powerful instigators of reinstatement/relapse of drug seeking (de Wit and Stewart, 1981; Milton 

and Everitt, 2010; Shaham et al., 2003). It is thought, therefore, that the high prevalence of 

continued drug use and relapse in addiction is due in part because addicts are hypersensitive to 

the incentive motivational properties of drug-associated cues (DeJong, 1994; Milton and Everitt, 

2010; Robinson and Berridge, 1993; Stewart et al., 1984).  
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We have recently found, however, that there is considerable individual variation in the extent to 

which rats attribute incentive salience to reward cues (Flagel et al., 2007; Robinson and Flagel, 

2009; see also Boakes, 1977; Zener, 1937). When a localizable cue is associated with the receipt 

of food reward, for some rats (“sign trackers”, STs) the cue itself becomes attractive, eliciting 

approach and engagement with it (Hearst and Jenkins, 1974). For these rats the CS also serves as 

a potent conditioned reinforcer (i.e., STs will work to get it). Thus, in STs the cue comes to act as 

an incentive stimulus (Flagel et al., 2009; Robinson and Flagel, 2009). For other rats ("goal 

trackers", GTs; Boakes, 1977), the cue is equally predictive of reward (i.e., it serves as an 

effective CS), but they instead learn to approach the location of reward delivery, and for these 

rats the CS is relatively ineffective as a conditioned reinforcer (Robinson and Flagel, 2009; 

Yager and Robinson, 2010). This variation in the propensity to attribute incentive salience to 

food cues has considerable relevance to addiction-like behavior. For example, STs more readily 

acquire cocaine self administration behavior (Beckmann et al., 2011). Additionally, the removal 

of a discrete cocaine cue attenuates self administration in STs, while having little effect on GTs, 

and the same discrete cocaine cue robustly reinstates cocaine-seeking behavior in STs but not 

GTs (Saunders and Robinson, 2010). 

Our previous studies focused on spatially discrete drug cues in the environment; however, it 

is unknown whether individual variation in propensity to attribute incentive salience to a discrete 

drug cue (Saunders and Robinson, 2010) generalizes to another type of drug cue – the internal 

interoceptive cues produced by a drug itself. This is an important question given that the 

interoceptive effects of drugs also powerfully motivate drug-seeking behavior. Human addicts 

report that drug craving is most intense in the moments just following drug use (Gawin and 

Kleber, 1986) and even a small “taste” (a prime) of a drug can significantly increase reported 
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drug craving (Jaffe et al., 1989) and future drug intake (de Wit and Chutuape, 1993). Priming 

doses of drugs also increase attentional bias to drug cues, suggesting that they generally enhance 

an individual’s motivation for drug use (Duka and Townshend, 2004; Schoenmakers et al., 

2008). Additionally, in non-human studies, a drug prime is a potent instigator of drug-seeking 

behavior (de Wit and Stewart, 1981; Shaham et al., 2003; Stretch et al., 1971). We asked, 

therefore, whether variation in the propensity to attribute incentive salience to a discrete food cue 

predicts variation in the motivational properties of cocaine itself, as assessed by performance on 

a progressive ratio test and cocaine-induced reinstatement. 

Methods 

Subjects and Housing 

A total of 70 male Sprague-Dawley rats (Harlan, IN) weighing 250-300 g upon arrival were 

housed individually on a 12-hr light/12-hr dark cycle (lights on at 0800) in a climate-controlled 

colony room. Water and food were available ad libitum. After arrival rats were given one week 

to acclimate to the colony room before testing began. All procedures were approved by the 

University of Michigan Committee on the Use and Care of Animals (UCUCA). 

Apparatus 

Behavioral testing was conducted in standard (22x18x13 cm) test chambers (Med Associates 

Inc., St. Albans, VT, USA) located inside sound-attenuating cabinets. A ventilating fan masked 

background noise. For Pavlovian training each chamber had a food cup located in the center of 

one wall, 3 cm above a stainless steel grid floor. Head entries into the food cup were recorded by 

breaks of an infrared photobeam located inside the magazine. A retractable lever illuminated 

from behind was located 2.5 cm to the left or right of the food cup, approximately 6 cm above 

the floor. The location of the lever with respect to the food cup was counterbalanced across rats. 
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On the wall opposite the food cup, a red house light remained illuminated throughout all 

sessions. For self-administration sessions, the food cup and lever were removed and replaced 

with two nose-poke ports located 3 cm above the floor on the wall opposite the house light. A 

nose poke into the active port, detected by an infrared photobeam inside the hole, resulted in an 

intravenous cocaine infusion, delivered by an external pump through a tube connected to the 

rat’s catheter back port. The infusion tube was suspended into the chamber via a swivel 

mechanism, allowing the rat free movement. Active and inactive nose-poke ports were 

counterbalanced to control for side bias. All measures were recorded using Med Associates 

software. 

Pavlovian Conditioned Approach Training 

Rats were first trained using a Pavlovian approach (‘autoshaping’) procedure similar to that 

described previously (Flagel et al., 2007). For two days prior to the start of training, 10 banana-

flavored pellets (45 mg, BioServe, #F0059; Frenchtown, USA) were placed in the home cages to 

familiarize the rats with this food. The following day, rats were placed in the test chambers, with 

the lever retracted, and trained to retrieve pellets from the food cup by presenting fifty food 

pellets on a variable time (VT) 30-s schedule. After 2 days of pretraining, Pavlovian training 

commenced. Each training trial consisted of insertion (and simultaneous illumination) of the 

lever (CS) into the chamber for 8 s, after which the lever was retracted and a single food pellet 

(unconditional stimulus, US) was immediately delivered into the food cup. Each of five daily 

training sessions consisted of 25 response-independent trials in which CS-US pairing occurred 

on a variable time (VT) 90-s schedule (the time between CS presentations varied randomly 

between 30 and 150 s). Lever deflections, food cup entries, latency to lever deflection, and 

latency to food cup entry during CS presentation were measured. 
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Following Pavlovian training rats were assigned to one of three groups based on whether 

they (1) preferentially interacted with the lever-CS (“sign trackers”, STs); (2) preferentially 

interacted with the food cup during lever-CS presentation (“goal trackers”, GTs); or (3) had no 

preference for the lever-CS or food cup (“intermediate group”, IG). This was quantified using a 

composite Pavlovian conditioned approach (PCA) index which was the average of three 

measures of conditioned approach behavior: (1) the probability of contacting either the lever-CS 

or food cup during the CS period [P(lever) – P(food cup)]; (2) the response bias for contacting 

the lever-CS or the food cup during the CS period [(#lever deflections – #food cup entries) / 

(#lever deflections + #food cup entries)]; and (3) the mean latency to deflect the lever or enter 

the food cup during the CS period [(food cup entry latency – lever deflection latency) / 8 (i.e., 

CS duration)]. This produces values on a scale ranging from -1.0 to +1.0. A score of +1.0 

indicates a rat that on every trial deflected the lever-CS and never entered the food cup, a score 

of -1.0 indicates a rat that entered the food cup and never deflected the lever-CS, and a score of 0 

indicates a rat that distributed his behavior equally between lever-CS and food cup. The average 

PCA index score for days 4 and 5 of training was used to classify animals. For the purposes of 

classification, we operationally defined animals as STs (n=16, 23%) if they obtained a PCA 

index score of +0.5 or greater (meaning they rapidly approached and vigorously engaged the 

lever-CS at least twice as much as to the food cup), and as GTs (n=19, 27%) if they obtained a 

score of -0.5 or less. The remaining animals within the -0.5/+0.5 range, those rats whose 

preference vacillated between lever-CS and food cup, were labeled as IGs (n=35, 50%). For this 

study, we were interested in comparing rats that clearly differed in their propensity to attribute 

incentive salience to reward cues, and therefore, only rats identified as STs or GTs were used in 

the rest of the study.  
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Intravenous Catheter Surgery 

Next, ST and GT rats were prepared with intravenous catheters as described previously 

(Crombag et al., 2000) under ketamine hydrochloride (100 mg/kg i.p.) and xylazine (10 mg/kg 

i.p.) anesthesia. Following surgery, catheters were flushed daily with 0.2 ml sterile saline 

containing 5 mg/ml gentamicin sulfate (Vedco, MO) to minimize infection and prevent 

occlusions. Catheter patency was tested weekly by intravenous injection of 0.2 ml sodium 

thiopental (20 mg/ml in sterile water, Hospira, IL). Only rats that became ataxic within 5-10 s 

were considered to have patent catheters and included in the analyses. 

Self-Administration: Acquisition 

Self-administration sessions began 7 days after surgery in chambers outfitted with two nose 

ports as described above. A nose poke into the active port resulted in an intravenous infusion of 

cocaine hydrochloride (NIDA) dissolved in 0.9% sterile saline [0.2 mg (weight of the salt) per kg 

per infusion in 50 µl delivered over 2.6 s] on a fixed ratio (FR) 1 schedule (Carroll and Lac, 

1997). Coincident with the start of an infusion was an unsignaled 20-s timeout period, during 

which nose pokes were recorded, but had no consequences. No discrete cue in the environment 

(e.g., light or tone) was explicitly paired with drug delivery, to help insure that behavior was 

largely controlled by the interoceptive effects of the drug itself. We also wanted all rats to receive 

exactly the same number of drug injections, and thus an infusion criterion (IC) was imposed on 

self-administration sessions (i.e., session length was determined by how long it took each rat to 

reach the IC, not by an explicit time limit; (Saunders and Robinson, 2010). Rats were initially 

allowed to take 10 infusions per session, and the IC was increased to 20, 40, and then 80 

infusions. Rats were trained at IC 10, 20, and 40 for three consecutive sessions and at IC 80 for 

five consecutive sessions. A total of 27 rats (ST n=12, GT n=15) completed the self-



	

119 
	

administration portion of the experiment. Rats were eliminated when they failed to acquire self 

administration (ST n=1, GT n=1) or lost catheter patency (ST n=3, GT n=4). 

Self-Administration: Progressive Ratio Test 

Following 5 sessions at IC 80 all rats received two consecutive sessions during which the 

reinforcement schedule was changed from an FR1 to a progressive ratio (PR) schedule. On the 

PR schedule the number of active nosepokes required to produce the next cocaine infusion 

increased after each infusion according to the following exponential progression: 1, 2, 4, 6, 9, 12, 

15, 20, 25, 32, 40 …, derived from the formula [(5×e0.2n)−5], rounded to the nearest integer, 

where n is the position in the sequence of ratios (Roberts and Richardson, 1992). Progressive 

ratio sessions were terminated only after one hour had lapsed between completed ratios/infusions 

received. After the two PR sessions, rats were returned to an FR1 reinforcement schedule at IC 

80 for three additional sessions to re-stabilize behavior. 

Cocaine-Primed Reinstatement Test 

After the last self-administration session at IC 80, rats underwent 8 60-min sessions of 

extinction training. In these sessions an active nosepoke response did not produce a cocaine 

infusion, though the infusion pump was turned on. The day after the final extinction session, rats 

were tested for cocaine-induced reinstatement of drug-seeking behavior. On this day, 

immediately before placement in the testing chamber, each rat received a 15 mg/kg i.p. injection 

of cocaine. Nosepokes were recorded, but had no consequences. Before testing, rats were 

habituated to the injection experience by receiving an i.p. injection of saline in their home cages. 

Statistical Analysis 

Linear mixed-models (LMM) analysis was used for all repeated measures data. The best-

fitting model of repeated measures covariance was determined by the lowest Akaike information 
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criterion score (Verbeke, 2009). Depending on the model selected, the degrees of freedom may 

have been adjusted to a non-integer value. Analysis of variance was used to compare PR and 

reinstatement responding. Statistical significance was set at p < .05. 

Results 

Individual variation in Pavlovian conditioned approach behavior 

Figure 5.1 shows the distribution of PCA index scores for all rats. As discussed above, GTs 

were operationally defined as rats with scores ranging between -1.0 and -0.5, STs between +0.5 

and +1.0, and IGs between -0.5 and +0.5. There was some variation in index scores within the 

ST and GT groups, but most rats clustered near the extreme ends of the potential score range 

(i.e., the rats tested on self administration showed a strong preference for either the lever-CS or 

the food magazine during PCA training). Figure 5.2 shows the change in approach behavior as a 

function of training session in STs and GTs. With experience, STs developed a high probability 

of rapidly approaching and vigorously engaging the lever-CS (Figure 5.2 a-c). In contrast, GTs 

rarely engaged the lever-CS and instead came to rapidly approach the food magazine during 

lever-CS presentation (Figure 5.2 d-f). Thus, as in our previous studies (Flagel et al., 2007; 

Saunders and Robinson, 2010), the lever-CS developed the ability to evoke a conditioned 

response (CR) in both STs and GTs – it served as a predictive CS in both – but it was an 

attractive incentive stimulus only for STs. 

Acquisition of cocaine self administration in STs and GTs 

Rats were next trained to nose poke for an IV cocaine infusion under conditions in which no 

discrete cue (CS) was paired with drug delivery. Given that training sessions were limited to a 

fixed infusion criterion, group differences in acquisition would be evident in the number of 

cocaine infusions taken per minute (rate). There were no group differences in rate at any infusion 
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criterion [effect of group, F(1,38.05) = 0.022, p = 0.884; Figure 5.3a]. Both groups made the same 

number of active nose pokes [F(1,22.55) = 1.80, p = 0.19], which increased across training [effect of 

session, F(13,19.86) = 18.7, p < 0.0001], and inactive nose pokes [F(1,27.31) = 3.274, p = 0.081], 

which did not increase [no effect of session, F(13,19.26) = 1.297, p = 0.294; Figure 5.3b]. To further 

examine baseline self-administration behavior, within-session responding was analyzed during 

the final two sessions of training at IC 80. The results of this analysis are shown in Figure 5.3c. 

The pattern of cocaine intake was the same in STs and GTs. By the end of training, both groups 

took infusions at a consistent, uniform rate [no group x infusion bin interaction, F(1,44.14) = 0.626, 

p = 0.838]. Thus, using this procedure, there were no group differences in the acquisition self-

administration behavior, as we have reported previously (Saunders and Robinson, 2010). 

However, using other procedures and doses STs have been reported to acquire cocaine self-

administration more readily than GTs (Beckmann et al., 2011). 

STs are more motivated to obtain cocaine than GTs 

By the end of self-administration training on a FR 1 schedule STs and GTs showed identical, 

stable behavior (Figure 5.3c). All rats were then transferred to a progressive ratio (PR) schedule 

for two consecutive sessions. We found no effect of PR session in either group, so the data from 

the two PR sessions were averaged together. STs made more active nose responses and attained 

higher final ratios (“breakpoints”) than GTs [effect of group, F(1,50) = 9.632, p = 0.003], reaching 

a final ratio nearly twice that of GTs (Figure 5.4a). Accordingly, STs received more cocaine 

injections [F(1,50) = 11.531, p = 0.001], emitted more responses [F(1,50) = 8.534, p = 0.005; Figure 

5.4b], and took longer to reach breakpoint [F(1,50) = 6.916, p = 0.015] than GTs. It should be 

emphasized that although STs worked nearly twice as much as GTs during PR testing, this 

amounted to, on average, only 3 more cocaine infusions relative to GTs. Given the large number 
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of infusions all rats received across training, this is a negligible difference in drug exposure that 

unlikely had any carryover effects on subsequent self-administration behavior (see below). 

Following PR test sessions, rats were returned to an FR1 schedule at IC 80 to re-stabilize 

behavior. During these sessions there were no group differences in the rate of self administration 

[F(1,25.02) = 0.001, p = 0.971] or number of responses [F(1,25.03) = 0.209, p = 0.652] (data not 

shown). After the resumption of baseline levels of self-administration, rats underwent 8 sessions 

of extinction training, during which nose pokes no longer produced cocaine. During this period 

STs and GTs decreased responding [effect of session, F(7,43.65) = 9.352, p < 0.0001], and they did 

so at a similar rate [no group X session interaction, F(1,43.65) = 1.612, p = 0.157; Figure 5.5]. 

Cocaine-induced reinstatement in STs and GTs 

Following extinction training all rats were tested for cocaine-induced reinstatement of drug-

seeking behavior. Rats were given a priming injection of cocaine (15 mg/kg, i.p.) immediately 

before being placed into the test chambers for a 60-min session under extinction conditions. STs 

showed more robust reinstatement of cocaine-seeking than GTs [F(1,50) = 4.657, p = 0.036; Figure 

5.6]. Although both groups discriminated between active and inactive nose pokes [effect of nose 

poke port, F(1,50) = 19.856, p < 0.0001], STs reinstated to a greater degree than GTs [significant 

group X nose poke interaction, F(1,50) = 4.526, p = 0.038; Figure 5.6]. We next assessed the 

relation between performance during PR testing and the degree of reinstatement following 

cocaine priming. For STs, performance during PR sessions was significantly correlated with 

performance during reinstatement (Spearman’s r = 0.504, p = 0.048), but for GTs the correlation 

was not significant (Spearman’s r = 0.007, p = 0.490). Thus, ST rats that made the most 

responses under a PR schedule tended to reinstate the most following a cocaine prime.  

Discussion 



	

123 
	

We asked whether variation in propensity to attribute incentive salience to a localizable food 

cue predicts variation in the ability of cocaine to spur cocaine-seeking behavior. We found that it 

does. At the doses tested, STs worked harder to receive cocaine injections (i.e., had higher 

“breakpoints” on a progressive ratio schedule) and showed more robust cocaine-induced 

reinstatement, than GTs. These findings, together with our previous report (Saunders and 

Robinson, 2010), suggest that both interoceptive and exteroceptive drug cues acquire more 

potent incentive motivational properties, and thus the ability to spur drug-seeking behavior, in 

STs than GTs.  

The ability of different types of drug cues to motivate behavior is especially important in the 

context of addiction, as drug-associated stimuli of many kinds can initiate a cascade of behaviors 

leading to relapse (de Wit, 1996; Milton and Everitt, 2010; Shaham et al., 2003). Cues gain this 

control over behavior if they come to act as incentive stimuli, which have three fundamental 

properties: 1) they attract and elicit approach; 2) they acquire conditioned reinforcing properties 

and become “wanted,” in the sense that animals will work to obtain them; and 3) they energize 

ongoing instrumental actions (Berridge, 2001; Cardinal et al., 2002a; Milton and Everitt, 2010). 

There is, however, considerable individual variation in the propensity to attribute incentive 

salience to reward cues. A food cue acquires the properties of an incentive stimulus: it attracts 

(Flagel et al., 2007), it serves as an effective conditioned reinforcer (Robinson and Flagel, 2009), 

and it spurs food-seeking behavior (Yager and Robinson, 2010), to a greater extent in STs than 

GTs. This variation in incentive salience attribution extends to drug cues as well, as a discrete 

cocaine-associated cue motivates self administration and instigates more robust reinstatement in 

STs than GTs (Saunders and Robinson, 2010). Given the established differences between ST and 

GT rats, our current results suggest that cocaine itself also motivates drug-seeking behavior to a 
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greater degree in rats with a propensity to attribute incentive salience to reward-associated cues 

(i.e., STs).  

There is more than one potential psychological process that can account for the variation in 

drug-seeking behavior exhibited by ST and GT rats in the current experiment. First, the 

subjective experience associated with cocaine, the constellation of interoceptive cues produced 

by cocaine, may be more pleasurable and/or attributed with greater incentive salience in STs than 

GTs. Thus, STs may come to “want” the experience of cocaine more than GTs (Robinson and 

Berridge, 2000). This interpretation is consistent with a recent finding that under some 

conditions STs acquire cocaine self-administration behavior more readily than GTs (Beckmann 

et al., 2011). With the procedure used here there was no difference between STs and GTs in the 

acquisition of cocaine self-administration (see also Saunders and Robinson, 2010), but our 

procedure was explicitly designed to limit any potential group difference in acquisition by 

limiting self-administration sessions by the number of cocaine infusions, not time. Indeed, when 

allowed to self administer cocaine unrestrained during PR sessions STs sought out more drug 

than GTs. Thus, the interoceptive cues produced by cocaine appear to motivate greater drug-

seeking behavior in STs than GTs.  

One limitation of the present study is that only one dose of cocaine was used. Extensive 

dose-effect studies would be required to determine if cocaine is more potent in STs (i.e., their 

dose-response function is shifted to the left) compared to GTs, or if cocaine has a larger 

maximum effect in STs (i.e., their dose-response function is shifted up). However, the opposite – 

that cocaine is more potent and/or efficacious in GTs – is very unlikely. In the context of our 

results, if this were the case, GTs would have to show more robust reinstatement compared to 

STs to a cocaine prime dose below 15 mg/kg, and then the opposite effect we observed at 15 
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mg/kg. There is no precedent in the reinstatement literature for this type of dose-effect 

relationship and, in general, cocaine-primed reinstatement is weak at doses below 15 mg/kg and 

maximal at doses of 15-20 mg/kg. Therefore, we think the data are consistent with the 

conclusion that cocaine is more potent and/or has greater maximum effect, in STs relative to 

GTs. 

Variation in the motivational effects of cocaine described here in rats has parallels in 

humans. The ability of a drug prime to instigate relapse is well established, but there are also 

marked individual differences in both the subjective effects of drugs (de Wit et al., 1986; de Wit 

et al., 1987) and the drug priming effect (de Wit et al., 1987; Kirk and de Wit, 2000). 

Specifically, individuals reporting the greatest subjective drug effects have the highest 

motivation to obtain drug. This is supported by clinical reports indicating that not all drug users 

relapse after drug prime exposure (Lloyd and Salzberg, 1975). Our results suggest, therefore, that 

some of the variation in drug-induced relapse potential may be due to differences in the tendency 

of an individual to attribute incentive value to interoceptive drug cues.  

A second, though not mutually exclusive interpretation of our results, is that cocaine 

enhances the motivational properties of external cues present during drug exposure to a greater 

degree in STs than GTs. Drugs can influence responding due to their direct subjective effects, 

but also by amplifying the motivational value of other stimuli. These effects are behaviorally 

dissociable but generally act in a synergistic manner (Caggiula et al., 2009; Palmatier et al., 

2006). Stein (1964) and Hill (1970) originally conceptualized this enhancement effect that was 

later confirmed in experiments by Robbins (1975, 1976; 1984) and others (Beninger et al., 1981; 

Caggiula et al., 2009; Chaudhri et al., 2006; Palmatier et al., 2006; Phillips and Fibiger, 1990), 

who demonstrated the ability of drugs to enhance the conditioned reinforcing properties of 
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environmental stimuli. It is notable that there is considerable individual variation in the strength 

of this effect (Hill, 1970; Phillips and Fibiger, 1990; Robbins, 1975). Thus, the differences 

between STs and GTs in progressive ratio performance and cocaine-primed reinstatement may 

be due to differences in cocaine’s ability to enhance the motivational value of noncontingent 

external cues independent of, or in addition to, cocaine’s interoceptive effects. Perhaps STs 

responded more than GTs during PR testing and following cocaine priming in part because 

contextual stimuli continuously present during experience with cocaine acquired enhanced 

incentive salience – they became more motivating – and thus spurred greater drug-seeking in STs 

than GTs (Berridge, 2001; Robinson and Berridge, 1993). Although we took care to eliminate 

discrete drug-paired cues (CSs), there were stimuli – the context of the experimental chamber, 

the nose poke port – that remained present while the rats experienced cocaine. It is possible that 

the action of approaching and emitting an active nose poke became more likely in STs because 

cocaine potentiated the incentive value of these stimuli. 

It is not known what neurobiological differences between STs and GTs account for their 

varying propensity to attribute incentive salience to food and drug cues. Of course, there is a 

wealth of evidence implicating ascending mesotelencephalic dopamine (DA) systems in the 

assignment of incentive motivational properties to rewards and associated stimuli (Berridge, 

2007; Berridge and Robinson, 1998; Cardinal et al., 2002a; Di Chiara, 1998; Robbins et al., 

1989). For example, blockade of DA receptors attenuates cocaine self-administration and 

reinstatement behavior (Pilla et al., 1999; Woolverton and Virus, 1989). Additionally, 

potentiation of DA activity in the nucleus accumbens (NAc) via local amphetamine injection 

increases the conditioned reinforcing properties of drug cues, whereas DA blockade in NAc 

attenuates it (Taylor and Robbins, 1984, 1986). Unfortunately, there has been little research on 
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potential neurobiological differences in STs and GTs, but recent evidence suggests that 

differences in DA systems do exist. For example, the acquisition of a sign-tracking CR is DA-

dependent, but learning a goal-tracking CR is not (Flagel et al. 2011b). Furthermore, during 

Pavlovian training there is a transition of the phasic DA signal from a food US to a lever-CS in 

STs, but this transfer does not occur in GTs (Flagel et al. 2011b). These studies implicate 

differences in DA signaling in the behavioral differences seen with food-associated cues, but 

further research is needed to determine if DA system differences account for variation in the 

motivational properties of cocaine we report here. 

In conclusion, we report that it is possible to predict, prior to any drug experience, which rats 

later will be more motivated to work for cocaine and to seek cocaine following a priming 

injection. Interestingly, Mahler and de Wit (2010) recently reported what may be a related 

phenomenon - smokers who show high craving to food cues when food deprived also show the 

highest craving to smoking cues. The results reported here extend our previous studies with STs 

and GTs and suggest that for some individuals not only do exteroceptive drug-associated cues 

acquire greater motivational control over behavior, but interoceptive drug cues do as well. 

Individuals for whom drug cues act as potent incentive stimuli will have more difficulty resisting 

them than individuals for whom cues merely act as predictors of reward. Thus, a complex set of 

external and internal cues may continually goad some individuals to action (Robinson and 

Berridge, 1993; Stewart et al., 1984), and therefore these individuals may be most susceptible to 

addiction. It will be important to further understand the psychological and neurobiological 

mechanisms that underlie variation in propensity to attribute incentive salience to reward cues 

because this might not only be relevant to the propensity for addiction, but for other impulse 

control disorders as well.  
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Figure 5.1. Distribution of Pavlovian conditioned approach (PCA) composite index scores 
based on behavior during sessions 4 and 5 of PCA training. Rats receiving a raw score of 
+0.5 to +1.0 were designated sign trackers (STs) and rats receiving a raw score of -0.5 to -1.0 
were designated goal trackers (GTs). The remaining rats, with scores between -0.5 and +0.5 were 
designated intermediates (IGs). Raw scores are presented along the x-axis and corresponding 
absolute values along the y-axis. Index scores for IG rats are included to illustrate the bimodality 
of the index distribution, but IG rats were excluded from all further testing.  
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Figure 5.2. Behavior directed towards the lever-CS (sign tracking) is shown in panels a-c 
and that directed towards the food cup during CS presentation (goal tracking) is shown in 
panels d-f. Mean + SEM (a) probability of contacting the lever-CS [# trials with a lever-CS 
contact/#trials per session] during the 8-s CS period (b) number of lever-CS contacts made 
during the 8-s CS period, (c) latency to the first lever-CS contact, (d) probability of food cup 
entry [# trials with a food cup entry/#trials per session] during the 8-s CS period (e) number of 
food cup entries made during the 8-s CS period, (f) latency to the first food cup entry during the 
CS period. For all of these measures there was a significant effect of group (ST or GT), session, 
and a group x session interaction (p<0.001).  
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Figure 5.3. Acquisition of self-administration behavior in sign trackers (n=12) and goal 
trackers (n=15). (a) The mean ± SEM number of cocaine infusions per minute for infusion 
criteria 10, 20, 40, and 80 (0.2 mg/kg/inf). (b) The mean + SEM number of active (circles) and 
inactive (squares) nosepoke responses at each infusion criterion. (c) The mean + SEM 
cumulative interinfusion interval (III) during the final two self administration sessions at IC 80. 
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Figure 5.4. Self-administration behavior during progressive ratio (PR) testing for sign 
trackers and goal trackers. (a) The mean + SEM final PR ratio achieved (“breakpoint”) and 
total infusions earned. (b) The mean + SEM number of active (thick bars) nosepoke responses 
made during PR testing. The inset gray bars represent the number of inactive nosepoke 
responses. *, indicates a significant group difference, p < 0.05. 
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Figure 5.5. Extinction of responding for cocaine in sign trackers (n=12) and goal trackers 
(n=15). The mean + SEM number of active nosepoke responses is shown.  
 



	

133 
	

ST GT

100

200

300

400

R
es

po
ns

es

*

 
 
Figure 5.6. Cocaine-primed (15 mg/kg i.p. injection) reinstatement of drug-seeking 
behavior for sign trackers (n=12) and goal trackers (n=15) during a 60-min test session in 
which an active response had no consequences. The mean + SEM number of active nosepoke 
responses (thick bars) are shown. The inset gray bars represent the number of inactive nosepoke 
responses. *, indicates a significant group difference, p < 0.05. 
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Chapter 6 

Individual variation in the motivational properties of a cocaine-associated context: role of 

dopamine in the accumbens core 

 
Introduction 

Drug-associated stimuli acquire powerful motivational control over the behavior of addicts, 

contributing to compulsive drug seeking and high rates of relapse. Such stimuli can be roughly 

classed into three broad categories: discrete cues that are explicitly paired with drug delivery 

(e.g., drug paraphernalia), static configurations of contextual cues (e.g., places where drugs are 

taken), and the interoceptive cues produced by drugs themselves. There is considerable evidence 

that behavior motivated by these different classes of cues is mediated by multiple psychological 

processes and by dissociable, although overlapping, neural systems (Cardinal et al., 2002a; Fuchs 

et al., 2008a; Holland, 1992; Holland and Bouton, 1999; Maren, 2011). Discrete drug cues are 

thought to usually promote drug seeking by eliciting approach behavior, reinforcing drug-

seeking actions, and/or by generating conditioned motivational states that spur on drug-seeking 

actions (Milton and Everitt, 2010). Contexts and interoceptive stimuli can also directly evoke 

conditioned motivational states ("wanting"; Berridge, 2007; Crombag et al., 2008; Robinson and 

Berridge, 1993) that spur seeking behavior, but contexts are also often thought to function as 

“occasion setters”, or discriminative stimuli, interacting with discrete stimuli to signal when drug 

is or is not available (Bouton, 2002; Bouton and Swartzentruber, 1991; Crombag et al., 2008; 

Fuchs et al., 2005; Holland, 1992). That is, the distinctions between these different types of cues 
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can be blurry, as they can simultaneously engage more than one process (for review see 

Crombag et al., 2008). 

In a series of preclinical studies we have found that there is considerable individual variation 

in the degree to which discrete and interoceptive reward cues, including drug cues, acquire 

motivational properties. When a localizable Pavlovian conditional stimulus (CS), predicts the 

delivery of food reward (unconditional stimulus, US), only some rats (sign-trackers, STs; Hearst 

and Jenkins, 1974) find the cue attractive and desirable, in that they will avidly approach it and 

will work to obtain it. For others (goal-trackers, GTs; Boakes, 1977), the cue itself is less 

attractive, and it is less desired, but it nevertheless elicits conditioned approach directed at the 

location of food delivery (Flagel et al., 2007; Robinson and Flagel, 2009). Thus, the cue is an 

equally effective CS for both STs and GTs, in that it produces a conditioned response (CR) in 

both, but only for STs is it attributed with incentive salience, rendering it a motivationally potent 

incentive stimulus. Importantly, we have found that individual variation in the propensity to 

attribute incentive salience to a food cue, as measured by conditioned approach behavior, 

predicts the extent to which discrete drug cues motivate behavior. For example, for STs, a 

cocaine-associated cue is more attractive, reliably eliciting conditioned approach towards it 

(Yager and Robinson, 2012), and for STs, a discrete cocaine cue is more important for the 

maintenance of self administration behavior, and it is also more desired, in that STs make more 

drug seeking responses just to receive the cue, relative to GTs (Saunders and Robinson, 2010). 

Additionally, the interoceptive cues produced by a priming injection of cocaine instigate greater 

reinstatement in STs than GTs (Saunders and Robinson, 2011b). 

It is currently unknown, however, if there is similar individual variation in the way STs and 

GTs respond to drug-associated contextual cues. Interestingly, very few preclinical studies (e.g., 
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Fuchs et al., 2005; Fuchs et al., 2008a; Fuchs et al., 2008b) have specifically examined the ability 

of a drug-associated context to renew drug-seeking behavior. Indeed, the majority of so-called 

“context-induced” reinstatement studies use a procedure (Bouton and Bolles, 1979; Crombag et 

al., 2008) where rats are first trained to self-administer drug in the presence of a discrete drug 

cue, and drug seeking responses are then extinguished in the presence of the discrete cue, but in 

an alternate context (e.g., Bossert et al., 2004; Bossert et al., 2007). For the reinstatement test, 

rats are returned to the drug-associated context and allowed to respond for presentations of the 

discrete drug cue. Thus, with such procedures, the ability of the drug context alone to arouse a 

conditioned motivational state of “wanting” and its ability to reestablish the conditioned 

reinforcing effects of a discrete drug cue are confounded. One goal of the experiments reported 

here was to try and tease these two processes apart by utilizing procedures that excluded discrete 

drug-associated cues (see Fuchs et al., 2005). The second aim was to determine if individual 

variation in Pavlovian conditioned approach behavior predicts individual variation in the ability 

of a cocaine context to renew drug-seeking behavior. Finally, a third aim was to determine if 

dopamine (DA) in the core of the nucleus accumbens is necessary for contextual renewal of 

drug-seeking behavior. 

Materials and Methods 

Subjects 

Male Sprague-Dawley rats (Harlan, IN) weighing 250-300 g upon arrival were housed 

individually on a 12-hr light/12-hr dark cycle (lights on at 0800) in a climate-controlled colony 

room. Water and food were available ad libitum. After arrival rats were given one week to 

acclimate to the colony room before testing began, during which the experimenters repeatedly 
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handled them. All procedures were approved by the University of Michigan Committee on the 

Use and Care of Animals (UCUCA). 

Apparatus 

Pavlovian training and self-administration testing were conducted in standard (22x18x13 cm) 

test chambers (Med Associates Inc., St. Albans, VT, USA) located inside sound-attenuating 

cabinets. A ventilating fan masked background noise. Pavlovian conditioned approach training: 

Chambers had a food cup located in the center of one wall, 3 cm above a stainless steel grid 

floor. Head entries into the food cup were recorded by breaks of an infrared photobeam located 

inside the magazine. A retractable lever illuminated from behind was located 2.5 cm to the left or 

right of the food cup, approximately 6 cm above the floor. The location of the lever with respect 

to the food cup was counterbalanced across rats. On the wall opposite the food cup, a red house 

light remained illuminated throughout all sessions. Self-administration: For these sessions, the 

food cup and lever were removed and replaced with two nose-poke ports located 3 cm above the 

floor on the wall opposite the house light. A nose poke into the active port, detected by an 

infrared photobeam inside the hole, resulted in an intravenous cocaine infusion, delivered by a 

syringe pump through a tube connected to the rat’s catheter back port. The syringe pump was 

located outside the sound-attenuating chamber so it would not provide an auditory cue. The 

infusion tube was suspended into the chamber via a swivel mechanism, allowing the rat free 

movement. Active and inactive nose-poke ports were counterbalanced across rats. All measures 

were recorded using Med Associates software. Cocaine-context conditioning: In Experiment 1 

the test chambers were constructed with black acrylic (67.5 length x 33 width x 60.5 cm tall). 

Cameras (SPE-57, CCTV Specialty Bullet Cameras, Lake Worth, FL, USA) were mounted 12 

cm directly above the open ceiling of the chambers to record video. Fluorescent light tubes (32 
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W) covered with red filter shields (McMaster-Carr, Elmhurst, IL, USA) were illuminated over 

each chamber. In Experiment 2 the test chambers were clear acrylic chambers (43.5 length x 21.5 

width x 21 cm tall). A smaller (23 long x 6 wide x 21 cm tall) clear acrylic insert was positioned 

in the center of the larger chamber, which restricted each rat’s movement to the perimeter of the 

chamber. To record locomotor activity, we surrounded each chamber with a rectangular strip (47 

long x 28 cm wide) containing 5 photocell pairs distributed along the longer side of the chamber. 

These photocells recorded movement within the chamber as total photocell beam breaks and 

chamber crossovers. Testing for Experiment 2 was also done under red light conditions. 

Surgery 

For Experiments 3 and 4, following Pavlovian training, rats were prepared with intravenous 

catheters as described previously (Crombag et al., 2000) under ketamine hydrochloride (100 

mg/kg i.p.) and xylazine (10 mg/kg i.p.) anesthesia. Following surgery, catheters were flushed 

daily with 0.2 ml sterile saline containing 5 mg/ml gentamicin sulfate (Vedco, MO) to minimize 

infection and prevent occlusions. At the end of self-administration training, catheter patency was 

tested by intravenous injection of 0.2 ml sodium thiopental (20 mg/ml in sterile water, Hospira, 

IL). Only rats that became ataxic within 5-10 s were considered to have patent catheters and 

included in the analyses. For Experiment 4, after receiving an intravenous catheter, rats were 

positioned in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA). The skull of each 

rat was leveled and chronic guide cannulae (22 gauge stainless steel; Plastics One) were inserted 

bilaterally 2 mm above the target site in the nucleus accumbens core (relative to Bregma: 

anterior +1.8 mm; lateral +1.6 mm; ventral -5.0 mm). Guide cannulae were secured with skull 

screws and acrylic cement, and wire stylets (28 gauge, Plastics One) were inserted to prevent 
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occlusion. After surgery, all rats received antibiotic and carprofen (5 mg/kg) for pain. Rats were 

given 7 days to recover from surgery before testing commenced. 

Microinjections 

In Experiment 4, before the reinstatement test session, rats received a microinjection of 

vehicle (0.9% sterile saline) or flupenthixol (15 µg in saline; Sigma, St. Louis, MO), a relatively 

nonselective dopamine receptor antagonist. Flupenthixol was chosen in order to antagonize all 

actions of endogenous dopamine near the injection site, to assess the general (i.e., not specific to 

a particular receptor) function of dopamine in context reinstatement. The flupenthixol dose was 

chosen based on previous studies (e.g., Ito and Hayen, 2011; Saunders and Robinson, 2012). 

Intracerebral microinjections were made through 28-gauge injector cannulae (Plastics One) 

lowered to the injection site in the nucleus accumbens core (ventral -7.0 mm relative to skull), 2 

mm below the ventral tip of the guide cannulae. During infusions, rats were gently held by the 

experimenter. All infusions were administered bilaterally at a volume of 0.5 µl/side, delivered 

over 90 s using a syringe pump (Harvard Apparatus, Holliston, MA) connected to microinjection 

cannulae via PE-20 tubing. After infusions, the injectors were left in place for 60 s to allow for 

drug diffusion before being withdrawn and replaced with wire stylets. Rats received a 

microinjection of saline approximately 5 days before the reinstatement test, to acclimate them to 

the injection procedure. 

Experimental design and procedures 

Pavlovian training: Pavlovian training procedures were the similar to those described 

previously (Flagel et al., 2007; Saunders and Robinson, 2010). For two days prior to the start of 

training, 10 banana-flavored pellets (45 mg, BioServe, #F0059; Frenchtown, NJ) were placed in 

the home cages to familiarize the rats with this food. Approximately one week after arrival, rats 
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were placed in the test chambers, with the lever retracted, and trained to retrieve pellets from the 

food cup by receiving 25 45-mg banana pellets on a variable time (VT) 30-sec schedule. All rats 

retrieved the pellets and began Pavlovian training the next day. Each trial consisted of insertion 

(and simultaneous illumination) of the lever (CS) into the chamber for 8 s, after which time the 

lever was retracted and a single food pellet (US) was immediately delivered into the adjacent 

food cup. Each training session consisted of 25 trials in which CS-US pairings occurred on a 

variable time (VT) 90-s schedule (the time between CS presentations varied randomly between 

30 and 150 s). Lever deflections, food cup entries during the 8-s CS period, latency to the first 

lever deflection, latency to first food cup entry during the CS period, and food cup entries during 

the inter-trial interval were measured. 

Quantification of behavior using an index of Pavlovian conditioned approach (PCA): For 

some analyses rats were classed into three groups: (1) Those who preferentially interacted with 

the lever (“sign-trackers”, STs), (2) those who preferentially interacted with the food cup during 

lever presentation (“goal-trackers”, GTs), and (3) those who had no clear preference for the lever 

or food cup (“intermediates”, INs). The extent to which behavior was lever (CS) or food-cup 

directed was quantified using a composite index (Lovic et al., 2011; Meyer et al., 2012a; 

Saunders and Robinson, 2011b) that incorporated three measures of Pavlovian conditioned 

approach: (1) the probability of either deflecting the lever or entering the food cup during each 

CS period [P(lever) - P(food cup)]; (2) the response bias for contacting the lever or the food cup 

during each CS period [(#lever deflections - #food-cup entries) / (#lever deflections + #food-cup 

entries)]; and (3) the latency to contact the lever or the food cup during the CS period [(lever 

deflection latency - food-cup entry latency) / 8]. Thus, the Pavlovian conditioned approach index 

(PCA Index) score consisted of [(Probability difference score + Responses bias score + Latency 
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difference score) / 3]. This formula produces values on a scale ranging from -1.0 to +1.0, where 

scores approaching -1.0 represent a strong food cup-directed bias and scores approaching +1.0 

represent strong lever-directed bias. The average PCA Index score for days 4 and 5 of training 

was used to class rats. Rats were designated STs if they obtained an average index score of +0.3 

or greater, and as GTs if they obtained a score of -0.3 or less. The remaining rats within the 

middle score range were classed as INs. Note that INs were excluded from further study because 

we wanted to focus on those animals that differed markedly on their propensity to attribute 

incentive salience to reward cues (Flagel et al., 2007; Meyer et al., 2012a). Overall, a large 

population of rats (N=410) received Pavlovian training, but only a subset (N=171; STs N=105, 

GTs N=66) was used in the experiments described below.  

Experiment 1: Cocaine context conditioning 

Experiment 1 was conducted using the apparatus described above. Following Pavlovian 

training, STs and GTs (N=48) were assigned to drug-paired or drug-unpaired conditions, 

resulting in four independent groups: GT-Unpaired (n=5), GT-Paired (n=6), ST-Unpaired 

(n=18), ST-Paired (n=19). Rats were initially placed in the conditioning chambers for a 40-min 

habituation session, before which no injections were given. The next day, six consecutive daily 

30-min conditioning sessions commenced. Rats in the paired groups received an i.p. injection of 

cocaine (10 mg/kg) immediately prior to being placed in the chambers, followed by an injection 

of saline in the home cage, 20 min after removal from the conditioning chambers, and 50 min 

after the original injection. Rats in the unpaired groups received the opposite injection schedule, 

getting a saline injection before entering the conditioning chamber and cocaine 20 min after 

removal, in their home cage. On the 7th day, all rats received an injection of saline before being 

placed in the conditioning chambers. Behavior was video recorded on the test day. 
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Experiment 2: Cocaine context conditioning (replication) 

To verify the results obtained in Exp. 1, especially given that the N in the GT groups was 

relatively small, we conducted a replication of this study, but using a different apparatus 

(described above), in which motor activity was quantified by photocell beam breaks. Following 

Pavlovian conditioning, a separate cohort of rats (N=27) was conditioned using a similar 

procedure as Experiment 1. Rats were first habituated to the photocell conditioning chambers in 

two 40-min sessions, during which we recorded locomotor activity (photocell beam breaks). 

Next, rats were assigned to cocaine paired and unpaired conditioning groups, matched based on 

their locomotor response on the second day of habituation. Thus, four independent groups were 

tested: GT-Unpaired (n=5), GT-Paired (n=5), ST-Unpaired (n=8), ST-Paired (n=9). Next, five 

consecutive conditioning sessions were conducted. On each day, rats in the paired groups 

received an i.p. injection of cocaine (10 mg/kg) before being placed in the photocell chambers 

for 40-min session. Paired rats then received a saline injection in their home cage 40 min after 

the end of the conditioning session. Unpaired rats received the opposite injection schedule. On 

day 6, all rats received an injection of saline before a 40-min test session. A computer recorded 

total photocell beam breaks and chamber crossovers during these sessions. 

Experiment 3: Individual variation in context-induced reinstatement of cocaine-seeking behavior 

An independent cohort of rats (N=42) was used for Experiment 3. Pavlovian training was 

identical to Experiments 1 and 2. 

Cocaine Self-Administration Training: Following Pavlovian training and surgery, cocaine 

self-administration training sessions were conducted in operant chambers outfitted with two nose 

pokes and configured to provide one of two unique environmental contexts, that differed along 

auditory, visual, olfactory, and tactile stimulus modalities (based on previous studies, e.g., Fuchs 
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et al., 2005). One context contained a continuous white house light, pine odor, and wire mesh 

floor. The other context contained a continuous red houselight, continuous white noise, vanilla 

odor, and a bar floor. These stimuli were present throughout the entire session, independent of 

behavior. A nose poke into the active port resulted in an intravenous infusion of cocaine 

hydrochloride (NIDA, MD) dissolved in 0.9% sterile saline [0.4 mg (weight of the salt) per kg 

per infusion in 50 µl delivered over 2.6 s] on a fixed ratio (FR) 1 schedule (Carroll and Lac, 

1997). Coincident with the start of an infusion was an unsignaled 20-s timeout period, during 

which nose pokes were recorded, but had no consequences. No discrete cues (e.g., light or tone) 

were explicitly paired with drug delivery at any point during testing. Also note that infusion 

pumps were located on the outside of the sound-attenuating cabinets housing the experimental 

chambers, thus pump noise during cocaine infusions was minimized. Additionally, we imposed 

an infusion criterion (IC) on self-administration sessions (i.e., session length was determined by 

how long it took each rat to reach the IC, not by an explicit time limit) to ensure that all rats 

received the exact same amount of drug (Saunders and Robinson, 2010). Rats were initially 

allowed to take 5 infusions per session for three sessions, and the IC was then increased to 10, 

20, and then 40 infusions for three sessions each, for a total of 12 training sessions. 

Extinction training: Rats underwent 7 consecutive 2-hr extinction sessions, during which 

responses had no programmed consequences. Extinction sessions were conducted in either the 

self-administration context (COC context group) or in the other, alternate context, which they 

had never experienced before (ALT context group). This design resulted in four groups: GT-

COC (n=5), GT-ALT (n=11), ST-COC (n=13), and ST-ALT (n=13). All rats received 7 sessions 

of extinction. 
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Reinstatement: The day after the final day of extinction, rats in the COC context groups were 

placed again in the cocaine-training context for one additional 2-hr test session, while rats in the 

ALT context groups were reintroduced to the context in which they previously self-administered 

cocaine. During this test session nose pokes were recorded but had no consequences. That is, a 

nose poke did not result in presentation of cocaine or any cocaine-associated cue. Note that this 

procedure is different than that used in most previous studies on context reinstatement (e.g., 

Bossert et al. 2007), because in these the operant resulted in presentation of a drug-associated 

cue. 

Experiment 4: The role of accumbens core dopamine in cocaine context-induced reinstatement 

A separate cohort of rats (N=54) was used for Experiment 4. All procedural details leading 

up to the reinstatement test were the same as for rats in Experiment 3.  

Reinstatement: Following extinction training, ALT and COC STs and GTs were assigned to 

vehicle (saline) or flupenthixol treatment groups. The resulted in eight independent groups: GT-

COC-VEH (n=7), GT-COC-FLU (n=7), GT-ALT-VEH (n=8), GT-ALT-FLU (n=7), ST-COC-

VEH (n=5), ST-COC-FLU (n=4), ST-ALT-VEH (n=8), and ST-ALT-FLU (n=8). On the day of 

the reinstatement test sessions, rats received a microinjection, as described above, before being 

placed in the test chambers 10-15 min later. 

Histology 

After the completion of behavioral testing, rats in Experiment 4 were euthanized via carbon 

dioxide overdose and their brains were removed and flash frozen in isopentane chilled to 

approximately -30 C by a mixture of isopropyl alcohol and dry ice. Frozen brains were sectioned 

on a cryostat at a thickness of 60 µm, mounted on slides, air-dried, and stained with cresyl violet. 
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Microinjection sites were verified by light microscopy and plotted onto modified drawings from 

a rat brain atlas (Paxinos and Watson, 2007).   

Statistical Analyses 

Linear mixed-models (LMM) analyses of variance (ANOVA) were used for all repeated-

measures data. The best-fitting model of repeated measures covariance was determined by the 

lowest Akaike information criterion score (Verbeke, 2009). Depending on the model selected, 

the degrees of freedom may have been adjusted to a non-integer value. Video captured for 

Experiment 1 was analyzed using video tracking software (Topscan, Clever Sys., Inc., Reston, 

VA). Two-way ANOVAs were used to compare group responding during locomotor and 

reinstatement tests. A Pearson’s correlation was used to compare degree of sensitization with test 

day locomotor activity in Experiment 2.  Statistical significance was set at p < 0.05. 

Results 

Individual variation in Pavlovian conditioned approach behavior 

Figure 6.1 illustrates the degree of individual variation in Pavlovian conditioned approach 

behavior in all rats (N=410) screened through the Pavlovian training procedure for Experiments 

1-4. Plotted along the x-axis are individual rat PCA index scores. Similar to our previous reports 

(Flagel et al., 2007; Saunders and Robinson, 2012), we found large variation in the type of 

conditioned responses different rats made. Rats classed as STs, which preferentially directed 

their CR towards the CS (lever), were defined as those with PCA index scores ranging from +0.3 

to +1.0. Rats classed at GTs, conversely, which preferentially directed their CR towards the food 

cup during the CS period, had PCA index scores ranging from -0.3 to -1.0. The remaining rats, 

which vacillated between CS-directed and food cup-directed CRs, were those with scores 

ranging from -029 to +0.29. These rats were excluded from further analysis. In addition, note 
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that only a subset of the STs (N=105) and GTs (N=66) shown in Fig. 1 was used further 

analyses, as needed to form experimental groups. The remainder were used in other studies. 

Experiments 1 and 2 – Individual variation in cocaine context conditioned hyperactivity 

Experiment 1: Figure 6.2A shows that on the test day, when all groups received saline prior 

to placement in the test chamber, Paired GTs were significantly more active than Unpaired GTs 

(p < 0.001) – that is, they showed conditioned hyperactivity in the cocaine paired environment. 

In contrast, Paired and Unpaired STs did not differ (p = 0.260). Importantly, the phenotype by 

drug condition interaction was also significant (F(1, 44) = 8.730, p = 0.005), indicating that GTs 

showed a greater conditioned response than STs. 

Experiment 2: The results of Experiment 2 were qualitatively similar to Experiment 1 (Figure 

6.2B). In this experiment both Paired STs and GTs showed conditioned hyperactivity (the Paired 

groups showed greater activity than the Unpaired groups), but as in Experiment 1, there was a 

significant phenotype by drug condition interaction  (F(1,23) = 4.799, p = 0.039), indicating that 

Paired GTs showed a greater conditioned response than Paired STs. 

We also examined locomotor activity during the training (conditioning) phase. Unpaired rats 

that received saline in the test chamber had a low level of activity, relative to Paired rats that 

received cocaine, and this did not change across conditioning days. There were no differences in 

the initial locomotor response to cocaine, as measured by photocell breaks in Paired STs and 

GTs on day 1 (Figure 6.3A). By day 5, Paired rats showed evidence of sensitization, showing 

greater cocaine-induced locomotor activity than on day 1 (F(1,24) = 14.359, p = 0.001). Although 

it appears as if GTs showed more robust sensitization than STs, this effect was not significantly 

significant (phenotype by day interaction, F(1,24) = 3.058, p = 0.093). However, one-way 

ANOVAs comparing behavior on days 1 and 5 within each Paired group revealed that GTs 
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significantly increased the number of beam breaks between Days 1 and 5 (F(1,24) = 11.927, p = 

0.002), but STs did not (F(1,24) = 2.915, 0.101). Additionally, among all Paired rats, the degree of 

change in activity between days 1 and 5, an index of sensitization, was significantly correlated 

with the amount of conditioned activity on the drug-free test day (R2 = 0.3944, p = 0.008; Figure 

6.3B). 

Experiment 3 

Acquisition of cocaine self-administration behavior 

Figure 6.4 shows that, similar to previous reports (Saunders and Robinson, 2011b), STs and 

GTs did not differ in the acquisition of cocaine self-administration behavior. The groups did not 

differ in the number of active responses (F(1,40) = 2.024, p = 0.163; Figure 6.4A), or inactive 

responses (F(1,40) = 0.055, p = 0.816), and there were no group differences in the time required to 

complete self administration sessions (F(1,40) = 0.184, p = 0.670; Figure 6.4B). 

Extinction training 

Following self-administration training, STs and GTs were extinguished in either the same 

cocaine-associated context, or a novel alternate context. Importantly, Figure 6.5 shows there 

were no group differences in the number of active responses during extinction training (F(3,38) = 

0.758, p = 0.525; Figure 6.5), and all groups extinguished at similar rates (no group by session 

interaction, F(18,38) = 1.64, p = 0.099), reaching a low level of behavior by session 7. 

Individual variation in context-induced reinstatement of cocaine seeking 

Figure 6.6 illustrates the ability of the cocaine-associated context to renew cocaine-seeking 

behavior in STs vs. GTs. Similar to previous reports (e.g., Fuchs et al., 2005), rats that were 

extinguished in an alternate context, when returned to the cocaine-associated context, made 

significantly more cocaine-seeking responses, as measured by active nose pokes, than rats 
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extinguished in the cocaine training context (effect of context, F(1,39) = 28.058, p < 0.001). 

Importantly, GTs showed more robust context renewal of cocaine seeking than STs, as indicated 

by a significant phenotype by context interaction (F(3,38) = 8.607, p = 0.006). 

Experiment 4 

For Experiment 4, Pavlovian, self-administration, and extinction training were very similar to 

Experiment 3, and so those data are not shown. 

Effects of flupenthixol on cocaine context-induced renewal of drug-seeking 

We first compared rats that received vehicle before the test session. Figure 6.7 shows that 

GTs showed much more robust context renewal of cocaine seeking than STs, as indicated by a 

significant phenotype by context interaction (F(1,24) = 12.342, p = 0.002). This replicates the 

results of Experiment 3. Flupenthixol suppressed renewal of cocaine seeking relative to vehicle 

in both GT and ST ALT groups (effect of treatment, F(1,27) = 41.403, p < 0.001), but did so to a 

significantly greater degree in GTs relative to STs, as indicated by a significant phenotype by 

treatment interaction (F(1,24) = 17.712, p < 0.001). Importantly, flupenthixol suppressed active 

responses to a greater extent than inactive responses among ALT GTs (significant treatment by 

nosepoke interaction for ALT GTs, F(1,26) = 31.624, p < 0.001), but not ALT STs (no treatment 

by nosepoke interaction for ALT STs, F(1,28) = 2.994, p = 0.095), suggesting that the effect of 

flupenthixol was to attenuate drug-seeking responses specifically, and was not due to nonspecific 

motor impairments. Within the COC groups, flupenthixol slightly decreased active nose pokes 

(effect of treatment, F(1,19) = 7.238, p = 0.014), although this effect was not specific to one 

phenotype (no phenotype by treatment interaction, F(1,19) = 3.784, p 0.067), suggesting that 

flupenthixol may have also attenuated any residual drug-seeking motivation in these rats. 

Histological verification of cannulae placements 
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Figure 6.8 illustrates the location of the microinjection tips within the nucleus accumbens 

core for rats used in Experiment 4. 

Discussion 

We found that there is considerable individual variation in the ability of a cocaine-associated 

context to motivate behavior, as indicated by two different measures. In Experiments 1 and 2, we 

found that GTs exhibited greater cocaine context conditioned hyperactivity. In Experiment 3, we 

found that for GTs, a cocaine context also renews greater cocaine-seeking behavior. Finally, in 

Experiment 4, we report that contextual renewal of cocaine seeking requires dopamine signaling 

within the core of the nucleus accumbens. These findings, taken together with our other recent 

studies, have a number of implications for thinking about the neurobiological and psychological 

mechanisms that govern relapse induced by different types of reward-associated stimuli. 

Distinct neural systems process discrete versus contextual cues 

Dissociable neural systems are thought to mediate learning about different classes of stimuli 

associated with motivationally significant events. These cue processing distinctions have been 

particularly well characterized in the fear conditioning literature. For example, learning about 

aversive contextual cues is heavily dependent on the hippocampus, along with its projections to 

the amygdala, nucleus accumbens, and prefrontal cortex, while the hippocampus is somewhat 

less important for learning about discrete (e.g., a tone) fear cues (Fanselow, 2010; Levita et al., 

2002; Maren, 2001b; Phillips and LeDoux, 1992). The amygdala and nucleus accumbens, 

conversely, appear to be similarly important for learning about both discrete and contextual fear 

cues (Holland and Gallagher, 1999; Levita et al., 2002; Maren, 1998, 2001a). Similar 

neuroanatomical distinctions exist for processing of different classes of cues associated with 

appetitive USs (Cardinal et al., 2002a; Shalev et al., 2002). 
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There is growing evidence that the reinstatement of extinguished drug seeking relies on 

somewhat dissociable brain systems, depending on the class of drug cue involved. For example, 

Fuchs et al. (2005) found that pharmacological inactivation of the dorsal hippocampus, via 

GABA receptor agonism, impaired drug context-induced reinstatement, but failed to alter 

reinstatement induced by a discrete drug cue or the interoceptive cues associated with a drug 

injection. Interestingly, inactivation of the basolateral amygdala (BLA) or prelimbic/anterior 

cingulate cortex attenuates not only context-induced reinstatement, but also blocks discrete cue 

reinstatement (McLaughlin and See, 2003). Additionally, while prelimbic inactivation also 

attenuates drug-primed reinstatement (McFarland and Kalivas, 2001), BLA inactivation does not 

(Grimm and See, 2000). The nucleus accumbens core appears to be generally important for 

reinstatement, as its inactivation attenuates reinstatement in response to contextual, discrete, and 

interoceptive drug cues (Fuchs et al., 2004; Fuchs et al., 2008b; McFarland and Kalivas, 2001). 

Conversely, neural activity in the shell sub region of the accumbens is necessary for context-

induced, but not discrete cue or drug-induced reinstatement (Fuchs et al., 2004; Fuchs et al., 

2008b; McFarland and Kalivas, 2001). Taken together, these studies indicate that a distributed 

set of interconnected brain regions including the hippocampus, amygdala, prefrontal cortex, and 

nucleus accumbens is involved generally in reinstatement, but the contribution of specific areas 

varies depending on the type of drug cue involved. 

Psychological processes governing reinstatement to different drug cues 

Given that at least partially distinct neural systems regulate reinstatement to different types of 

drug cues, it follows that the psychological processes governing reinstatement behavior differ 

depending on the type of cue involved. Discrete drug cues, for example, are thought to acquire 

incentive motivational value as a function of their association with the primary rewarding effects 
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of drugs (Berridge, 2007; Bindra, 1978; Cardinal et al., 2002a; Konorski, 1967; Toates, 1986; 

Young, 1966). This can promote drug-seeking via multiple mechanisms (Milton and Everitt, 

2010). First, discrete cues that are localizable can instigate approach behavior, drawing 

individuals into close proximity with themselves. Second, they can act as conditioned 

reinforcers, in that individuals will work to obtain them. Finally, their presence can evoke 

conditioned motivational states (“wanting”) that spur drug-seeking behavior. We have found that 

there are considerable individual differences in the ability of discrete drug cues to promote 

behavior via each of these mechanisms. For STs, compared to GTs, discrete and localizable 

cocaine cues more effectively motivate approach behavior, serve as more robust conditioned 

reinforcers, and instigate more powerful conditioned motivational states that reinstate drug 

seeking (Saunders and Robinson, 2010; Saunders and Robinson, 2011a; Yager and Robinson, 

2012). 

Interoceptive cues produced by drugs themselves also serve to motivate drug-seeking 

behavior and promote relapse, because they act as both primary and (after training) conditioned 

reinforcers (Stewart et al., 1984; Wise, 2004). Individuals will perform actions to obtain drugs in 

part because the interoceptive cues produced by the drug are desirable. Additionally, the 

interoceptive cues produced by drugs can evoke conditioned motivational states that spur on 

drug seeking. This has been demonstrated in drug “priming” studies, where exposure to a small 

amount of drug evokes intense subjective craving states in people, and reinstates drug seeking in 

rats (Jaffe et al., 1989; Shaham et al., 2003; Stewart et al., 1984). As with discrete cues, we have 

found that STs and GTs differ in the way they respond to the interoceptive cues produced by 

drugs. For example, STs achieve higher breakpoints on a progressive ratio schedule for cocaine 

relative to GTs, suggesting that cocaine-associated interoceptive cues acquire greater conditioned 
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reinforcing properties in STs. Additionally, it appears that the interoceptive cues associated with 

cocaine also produce greater conditioned motivation in STs, as they show more robust cocaine-

primed reinstatement compared to GTs (Saunders and Robinson, 2011b). 

Contextual cues are somewhat less sharply defined than other cue types, in that they are 

comprised of a multimodal set of static stimuli. Learning theorists have suggested that even 

though a context is made up of many individual stimuli, contextual learning involves the 

integration of these separate cues into a configural representation that is qualitatively different 

from the representation of individual discrete cues (Fanselow, 2010; Holland and Bouton, 1999; 

Nadel and Willner, 1980; Rudy and Sutherland, 1995). There are several ways in which 

contextual cues, including drug contexts, can affect behavior. In the absence of salient discrete 

cues, contexts themselves may acquire motivational value via direct association with a US 

(Rescorla and Wagner, 1972). This may cause a context to instigate approach behavior (such as 

in a conditioned place preference test) and/or evoke conditioned motivational states that spur 

drug-seeking CRs, similar to discrete and interoceptive stimuli (Di Ciano and Everitt, 2003; 

Fuchs et al., 2005; Robinson and Berridge, 2003). Similarly, drug context conditioned 

hyperactivity is thought to reflect expression of conditioned motivation for the drug, but given 

that there the animal has no opportunity to work for the drug, or to approach and engage a 

discrete cue, this motivation is expressed as hyperactivity (Beninger et al., 1981; Jones and 

Robbins, 1992). In other situations, when contextual and discrete cue information interact, 

“hierarchical” learning can take place, where a context becomes associated with a discrete cue 

that predicts a US (Holland and Bouton, 1999; Rescorla, 1980). Under these circumstances, 

contexts serve as “occasion setters”, indirectly modulating the effects of discrete cues that occur 
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within them (Bouton, 2002; Bouton and Swartzentruber, 1991; Crombag et al., 2008; Holland, 

1992). 

The results of our current study suggest that, like with other types of drug cues, there is 

robust individual variation in the ability of contextual drug-associated cues to motivate behavior. 

Here, it is GTs who show greater conditioned hyperactivity and renewal of cocaine seeking when 

presented with a cocaine context. Interestingly, these results parallel a recent finding that GTs 

show greater contextual fear expression, relative to STs, while STs show greater discrete cue 

(e.g., tone) induced fear (Morrow et al., 2011). Together with our current results, this suggests 

that STs and GTs may preferentially assign motivational significance to discrete and contextual 

information, respectively, and this preference occurs regardless of the emotional valence of the 

associated US.  

We should point out that the results from our conditioned locomotion study at first appear at 

odds with two recent studies. First, Flagel et al. (2008) concluded that STs show greater 

sensitization in response to repeated cocaine injections. Here, GTs tended to exhibit greater 

cocaine-induced hyperactivity than STs by the end of cocaine conditioning, although the effect 

was not statistically significant. Notably, in Flagel et al. (2008) there were no group differences 

in cocaine-induced locomotor activity at the dose we used here, but STs showed more head 

movements, which are thought to be an index of stereotyped behavior (Robinson and Becker, 

1986). We did not record rotations or head movements, and so while GTs showed greater overall 

locomotion, it remains possible that STs exhibited greater cocaine-induced stereotyped behavior 

that we were unable to measure. Second, Meyer et al. (2012b), using a modified place 

conditioning test, recently demonstrated that STs form a more robust preference for a cocaine-

associated stimulus than GTs. In this study, however, testing was conducted in the dark, and the 
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only difference between cocaine and saline-associated stimuli was the tactile sensation of the 

floor rats walked on after receiving injections. Thus, preference behavior in that case was not 

mediated by the formation of a configural representation of the cocaine context. Indeed, Meyer et 

al. (2012b) interpret their results in terms of a conditioned reinforcement mechanism, rather than 

place conditioning. 

We can only speculate about the psychological processes that mediate the contextual effects 

seen here in GTs. It has been suggested (Clark et al., 2012; Saunders and Robinson, 2012) that 

GT behavior, within the Pavlovian training context, is governed by a process analogous to 

cognitive reward expectation (Balleine, 1994; Bindra, 1978; Dickinson and Balleine, 1994; 

Toates, 1986). This interpretation does not appear to explain my cocaine context data, however, 

for at least two reasons. One, goal-directed behavior mediated by cognitive expectancies are 

thought to rely on explicit act-outcome associations, but in our conditioned locomotion 

experiments, rats never perform an action to receive drug, and so presumably no action-outcome 

associations were formed. Second, behavior governed by explicit cognitive expectations has 

been shown to not require dopamine signaling (Dickinson et al., 2000; Lex and Hauber, 2010; 

Wassum et al., 2011), which was not the case for context renewal here. An alternative 

explanation is that in the current experiments, given that no discrete cues were present, the 

cocaine-associated context itself generated a greater conditioned motivational state in GTs than 

STs, which spurred either hyperactivity or renewed cocaine seeking. The ability of reward cues 

to spur conditioned motivational states, such as reward “craving”, that invigorate behavior, is 

thought to depend on dopamine signaling (see below), particularly within the nucleus accumbens 

(Dickinson et al., 2000; Lex and Hauber, 2008; Ostlund and Maidment, 2012; Saunders and 

Robinson, 2011a; Wassum et al., 2011). Thus, it is possible that under these conditions the 
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psychological process mediating context reinstatement in GTs is very similar to that which we 

have suggested mediates drug primed or discrete cue-evoked cocaine seeking in STs (Meyer et 

al., 2012a; Saunders and Robinson, 2011a, b). It is somewhat unclear why these cue types both 

produce greater conditioned motivation in STs, but contextual cues produce greater conditioned 

motivation in GTs. We can only speculate at this point, but one commonality between the cues 

used in our previous studies (Saunders and Robinson, 2011a, b), and how they differ from 

contextual cues, is that they have either physically (i.e., a round light), or temporally (i.e., rapid 

drug actions), discrete elements. 

Dopamine signaling is thought to be important for the assignment and maintenance of 

motivational value to reward-associated cues (Beninger et al., 1981; Berridge, 2007; Cardinal et 

al., 2002a; Robinson and Berridge, 1993). Indeed, dopamine is important for the acquisition and 

expression of a sign-tracking CR, as well as for the ability of discrete cues to serve as 

conditioned reinforcers and to instigate conditioned motivational states that drive reward seeking 

(Di Ciano et al., 2001; Dickinson et al., 2000; Flagel et al., 2011b; Kelley and Delfs, 1991; 

Saunders and Robinson, 2012; Taylor and Robbins, 1984; Wassum et al., 2011). Our results 

extend these studies, demonstrating that dopamine transmission within the core sub region of the 

nucleus accumbens is also necessary for a cocaine-associated context to promote reinstatement. 

This appears somewhat inconsistent with the results of Bossert et al. (2007), who demonstrated 

that inactivation of dopamine D1 receptors in the shell, but not core, attenuates context-induced 

reinstatement of heroin seeking in a the presence of discrete cues. Several important 

methodological differences between these studies, however, may account for the discrepancy. 

First, Bossert et al. (2007) tested reinstatement of heroin seeking, while we used cocaine, and 

there is growing evidence that the neural systems involved in self administration and 
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reinstatement for opiates are quite different from stimulant drugs (Badiani et al., 2011). Second, 

we administered flupenthixol into the core, which acts to antagonize activity at both D1- and D2-

type dopamine receptors. Thus, inactivation of D1 receptors only in the core may be insufficient 

to attenuate context reinstatement. It is possible that context renewal of cocaine-seeking requires 

endogenous dopamine signaling within the core, which involves activation of all receptors types, 

or that signaling via D2 receptors alone is necessary. Third, in Bossert et al. (2007) the 

reinstatement test involved the presence of both heroin-associated contextual and discrete cues. 

This makes it difficult to determine what D1 receptor activity was not necessary for during the 

reinstatement test, because it is possible that multiple psychological processes were confounded.  

Although we did not directly assess the role of dopamine in the conditioned hyperactivity 

effects reported in Experiments 1 and 2, there is reason to believe that conditioned locomotor 

behavior is dependent on dopamine signaling. Multiple studies (e.g., Gold et al., 1988; Jones and 

Robbins, 1992) have demonstrated that selective lesions of dopamine neurons projecting to the 

nucleus accumbens abolish conditioned hyperactivity following contextual conditioning to drugs 

such as amphetamine. This suggests that dopamine in the accumbens is involved not only in the 

acute psychomotor response to stimulant drugs, but also in attributing the drug-associated 

context with motivational value. Therefore, the conditioned hyperactivity expressed by GTs in a 

cocaine context may be interpreted as reflecting the dopamine-dependent incentive motivational 

influence of the context. 

It is unclear why contextual information would be specifically important for GT 

hyperactivity and renewal of cocaine seeking, but there are possible mechanisms by which 

contextual information evokes a conditioned motivational state that is dopamine dependent. 

Interestingly, electrical stimulation of the hippocampus alone can evoke drug-seeking responses 
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(Vorel et al., 2001) that are dependent on glutamate signaling within the ventral tegmental area 

(VTA). Additionally, given that context-reinstatement is dependent on a functional hippocampus 

and nucleus accumbens core (Fuchs et al., 2007; Fuchs et al., 2005; Fuchs et al., 2008b), as well 

intact signaling between the hippocampus and VTA (Luo et al., 2011), it is possible that 

hippocampal projections modulate dopamine transmission into the accumbens to regulate context 

reinstatement. This circuit may be recruited more readily in GTs, which is a potential mechanism 

that can be explored in future studies. We should note, however, that it is possible that under 

other experimental conditions, such as those involving combined context and discrete cue 

manipulations, that contextual information may serve a different psychological role in GTs, 

perhaps acting as an occasion setter to regulate the meaning of discrete cues. Future studies that 

examine how STs and GTs differ under conditions where contextual and discrete cue 

information interact will be important for determining exactly how these individuals 

differentially process reward-related stimuli. 

In conclusion, we report that there is considerable individual variation in the extent to which 

a cocaine-associated context motivates behavior. Taken together with our other recent studies, it 

appears that discrete and contextual stimuli acquire differential motivational properties in 

different individuals. Previously (Flagel et al., 2009; Meyer et al., 2012a), we have suggested 

that STs represent individuals who are particularly vulnerable to addition-like traits. The current 

results indicate that STs and GTs may instead have different vulnerabilities stemming from the 

way their brains process motivationally relevant information. Thus, there are likely multiple 

“pathways” to addiction-like behavior. It will be important to consider such multifaceted 

vulnerability for the development of effective individualized treatments. 
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Figure 6.1. Individual variation in PCA behavior. PCA index scores for all individual rats 
screened (N=410) are plotted. Rats receiving a score between +1.0 and +0.3 were classed as sign 
trackers (STs), those with a score between +0.29 and -0.29 were classed as intermediates (INs), 
and those with a score between -0.3 and -1.0 were classed as goal trackers (GTs). Note that all 
INs were excluded from further analysis, and only a subset of all STs and GTs screened were 
used in the experiments described here. 
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Figure 6.2. Variation in cocaine-context-induced hyperactivity. A) Experiment 1 – Average 
number of chamber crossovers made on the drug-free test day for STs and GTs that received 
cocaine injections paired with the conditioning context (Paired groups), or unpaired home cage 
injections (Unpaired groups). B) Experiment 2 – Average number of total photocell beam breaks 
during the drug-free test day for STs and GT that received cocaine injections paired with the 
conditioning context, or unpaired home cage injections. Symbols represent the mean ± SEM. 
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Figure 6.3. Individual variation in cocaine-induced locomotor activity. Experiment 2. A) 
Average number of photocell beam breaks for Paired and Unpaired STs and GTs on day 1 and 
day 5 of conditioning. B) The change in number of photocell breaks between day 1 and day 5 of 
conditioning as a function of number of beam breaks made on test day for individual Paired STs 
and GTs. 
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Figure 6.4. Acquisition of cocaine self-administration behavior. Experiment 3. A) Average 
number of active and inactive responses made across training IC for STs and GTs. B) Average 
time required to completed self administration sessions across training IC for STs and GT. 
Symbols represent the mean ± SEM. 
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Figure 6.5. Extinction training. Experiment 3. Average number of active responses made for 
STs and GTs extinguished in either the cocaine training context (COC groups) or a novel, 
alternate context (ALT groups). Symbols represent the mean ± SEM. 
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Figure 6.6. Variation in the ability of a cocaine-associated context to reinstate cocaine-
seeking behavior. Experiment 3. Average number of responses made in a single 2-hr 
reinstatement test session in the cocaine training context for STs and GTs that had been 
extinguished in either the cocaine training context (COC groups) or a novel, alternate context 
(ALT groups). Bars represent active nose pokes and dotted lines represent inactive nose pokes. 
Symbols represent the mean ± SEM. 
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Figure 6.7. Effect of flupenthixol on context-induced reinstatement of cocaine seeking. 
Experiment 4. Average number of responses made in a single 2-hr reinstatement test session in 
the cocaine training context for STs and GTs that had been extinguished in either the cocaine 
training context (COC groups) or a novel, alternate context (ALT groups), and that had received 
either vehicle (VEH groups) or flupenthixol (15 µg; FLU groups) prior to the session. Bars 
represent active nose pokes and dotted lines represent inactive nose pokes. Bars represent active 
nose pokes and dotted lines represent inactive nose pokes. Symbols represent the mean ± SEM. 
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Figure 6.8. Location of microinjection tips within the nucleus accumbens core relative to 
Bregma for rats used in Experiment 4. Square symbols represent STs and circles represent 
GTs. 
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Chapter 7 

General Discussion 

 

In the experiments described in this dissertation, I explored 1) the role of dopamine in 

Pavlovian incentive motivational processes and 2) individual variation in the motivational 

properties of food- and drug-associated stimuli. 

The role of dopamine in learning and incentive motivation 

In chapter 2 (Saunders and Robinson, 2012), I explored the role of dopamine signaling within 

the nucleus accumbens core in the expression of three types of Pavlovian conditioned approach 

CRs: CS-directed “sign tracking” CRs, goal-location-directed “goal tracking” CRs, and an 

orienting CR. 

In a recent study, Flagel et al. (2011b) used fast-scan cyclic voltammetry (FSCV) (Phillips et 

al., 2003b) to measure rapid dopamine signaling within the nucleus accumbens core during 

Pavlovian training in which a lever-CS was paired with food delivery, as described above. In rats 

that learned a sign-tracking CR the phasic dopamine signal transferred from the US to the CS, as 

a function of learning, similar to previous reports (see also Clark et al., 2012; Day et al., 2007). 

However, in rats that learned a goal-tracking CR, no such US-to-CS transfer occurred, even 

though for these rats the CS-US association was learned, as indicated by the fact that the CS 

came to reliably evoked a CR directed at the location of food delivery, as a function of training. 

Similarly, Parker et al. (2010) found that mice with disrupted phasic dopamine signaling learned 
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a goal-tracking CR normally, even though no clear US-to-CS transfer in dopamine signaling 

occurred. To test whether dopamine is necessary for learning a ST or GT CR, Flagel et al. 

(2011b) treated rats with systemic injections of the dopamine antagonist flupenthixol prior to 

each training session, which would block dopamine activity in all brain regions that receive a 

dopaminergic input. They found that flupenthixol blocked learning of a sign-tracking CR, but it 

had no effect on learning the CS-US association that underlies a goal-tracking CR (see also 

Danna and Elmer, 2010). 

In their supplemental materials, Flagel et al. (2011b) also reported that systemic flupenthixol 

administration impaired the performance of both sign and goal tracking CRs. This result was 

difficult to interpret, however, because the effects occurred at doses that produced nonspecific 

reductions in motor activity. In my study (Saunders and Robinson, 2012), I circumvented that 

problem by injecting flupenthixol directly into the accumbens core, the same region where Flagel 

et al. (2011b) found increased cue-evoked dopamine release in STs. I found that blocking 

dopamine receptors in the accumbens core dose-dependently impaired the expression of sign-

tracking, but not goal-tracking CRs. Furthermore, after administration of flupenthixol into the 

accumbens, sign-tracking behavior was fully impaired on the very first trial, before new learning 

(presumably via updated prediction-errors) could occur. Interestingly, similar learning-

independent performance effects of dopamine manipulations have been found in recent studies of 

Parkinson’s disease patients (e.g., Shiner et al., 2012). I also examined the effects of dopamine 

receptor blockade on the expression of another a CR, a conditioned orienting response in the 

direction of the CS. Importantly, both STs and GTs learn a conditioned orientation response to 

the lever, which indicates that it is dissociable from an approach CR, and rats that receive 

unpaired CS-US presentations do not develop conditioned orientation, suggesting that it is not a 
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simple reflexive reaction to the cue, but rather an indication of the learned CS-US association 

(see also Yager and Robinson, 2012). I found that in STs, dopamine antagonism did not attenuate 

performance of a conditioned orienting CR. This suggests that even in STs some stimulus-reward 

associations remained functional after dopamine blockade in the core of the accumbens. These 

results are consistent with views (e.g., Berridge, 2007) suggesting that dopamine is not necessary 

for the formation of stimulus-response associations, per se, but rather for imbuing learned cues 

with incentive salience, and thus making them attractive stimuli. The data in chapter 2 add to a 

growing literature regarding dopamine’s role in incentive motivation versus prediction-error 

signaling. 

Earlier studies provide further evidence that dopamine is not necessary for stimulus-reward 

learning. For example, Berridge and Robinson (1998) completely depleted dopamine in the 

dorsal and ventral striatum of rats using the neurotoxin 6-OHDA, and found they were still able 

to learn a new value of a food reward just as well as intact control rats. An important series of 

studies by Richard Palmiter and colleagues similarly demonstrated that genetically engineered 

dopamine-deficient (DD) mice, whose brains cannot produce dopamine, learned normally on a 

variety of tasks, such as conditioned place preference (Cannon and Palmiter, 2003; Hnasko et al., 

2007; Hnasko et al., 2005; Robinson et al., 2005). From these studies, Robinson et al. (2005) 

concluded: “dopamine is not necessary for animals to learn to associate salient cues with 

rewards”…but it “is necessary for reward-related cues to attain motivational significance”. 

It is important to acknowledge that dopamine clearly has other functions in the brain besides 

regulating Pavlovian incentive motivation, and that the studies described in this dissertation only 

address some of potentially many roles dopamine has in behavior. For example, dopamine is 

implicated in arousal, action selection, cognitive flexibility, and behavioral effort, particularly 
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during instrumental conditioning (Beeler et al., 2012; Cools, 2008; Day et al., 2010; Redgrave et 

al., 1999; Robbins and Everitt, 1992; Salamone and Correa, 2012; Salamone et al., 2007; 

Wassum et al., 2012). I should note, though, that even for instrumental behaviors, dopamine can 

modulate responding by scaling performance vigor, or by regulating PIT effects (see below), 

independent of learning (Cagniard et al., 2006; Yin et al., 2006). Also, I have focused mostly on 

discussion of appetitive cue processing, but dopamine is also involved in processing aversive 

motivational states (Badrinarayan et al., 2012; Faure et al., 2008; Kapur et al., 2005; Oleson et 

al., 2012; Pezze and Feldon, 2004; Pezze et al., 2001; Richard and Berridge, 2011; Roitman et 

al., 2008). 

Additionally, while I have emphasized dopamine signaling from the VTA to nucleus 

accumbens, midbrain dopamine neurons in the VTA, as well as substantia nigra, project to a 

variety of regions outside of the ventral striatum, such as the dorsal striatum, amygdala, 

prefrontal cortex, and hippocampus, and different dopamine neurons have different activity 

patterns and functions (Bromberg-Martin et al., 2010; Fields et al., 2007; Lammel et al., 2011; 

Lammel et al., 2012; Li et al., 2012; Margolis et al., 2006; Watabe-Uchida et al., 2012; Witten et 

al., 2011). Finally, dopamine is but one of many neurotransmitters systems involved in reward-

related processes, and even in mediating the incentive motivational properties of reward cues 

(Bakshi and Kelley, 1993; Berridge, 2012; Cardinal et al., 2002a; Difeliceantonio and Berridge, 

2012; Kelley et al., 2002; Mahler and Berridge, 2009; Novak et al., 2010; O'Connor et al., 2010; 

Puglisi-Allegra and Ventura, 2012; Smith et al., 2010; Ventura et al., 2007; Wassum et al., 

2009). Thus in future research it will be necessary to fully investigate the contribution of these 

other systems, such as glutamate and endogenous opioids, in individual differences in reward cue 

processing, as well as their interactions with dopamine. 
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Sign trackers preferentially assign motivational value to discrete drug cues 

Based on our recent studies (Flagel et al., 2009; Flagel et al., 2007; Robinson and Flagel, 

2009), suggesting that for STs, a discrete food cue became attractive and served as a more robust 

conditioned reinforcer, in chapter 3 of this dissertation (Saunders and Robinson, 2010). I began 

to assess whether the variation in responsivity to a discrete food cue STs and GTs exhibit during 

Pavlovian training predicts variation in the ability of a discrete cocaine cue to maintain and 

reinstate drug seeking.  

I trained STs and GTs to self administer cocaine, in sessions where a discrete visual cue was 

explicitly paired with drug infusions. Following the acquisition of stable self-administration, 

upon cue removal, there was a dramatic reduction in the rate of self administration of STs but not 

GTs, suggesting that the cocaine cue had acquired considerable motivational power of its own, 

but only in STs. Further evidence for such differences came in a follow-up experiment, where I 

found that STs also made more cocaine-seeking responses, under extinction conditions, for 

presentations of the discrete cocaine cue. This suggests that, as with a discrete food cue, a 

discrete cocaine cue serves as a more robust conditioned reinforcer for STs. 

Consistent with my finding, Yager and Robinson (2012) found that a cocaine cue acquired 

greater ability to reinstate drug seeking behavior following extinction in STs than GTs, even if it 

was only ever paired with cocaine in separate Pavlovian conditioning sessions. Yager and 

Robinson also found that STs developed more robust conditioned approach behavior to a discrete 

cue that had been paired with noncontingent intravenous cocaine infusions compared to GTs. 

This result directly parallels the discrete cue-directed CRs that STs tend to make during 

Pavlovian training with a food cue. Furthermore, using a conditioned cue preference procedure, 

Meyer et al. (2012b) showed that STs preferred a tactile cue that had been paired with cocaine 
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injections to one paired with saline, while GTs did not. Importantly, in all of these experiments, 

both total drug intake and cue exposure were held equivalent across groups. Additionally, using 

these controlled procedures (e.g., Saunders and Robinson, 2010), I found STs and GTs acquired 

self administration behavior equally well, providing further evidence that any behavioral 

differences were not a reflection of differences in the learned predictive strength of the cues. I 

should note, however, one recent study reported that when total drug intake was not limited by 

the experimenter, rats that preferentially exhibit sign-tracking responses acquired self 

administration at a faster rate than rats that preferentially goal-track (Beckmann et al., 2011). 

However, this effect was found only at low doses and using a self-administration training 

procedure that is a modified version of Pavlovian approach training, so there is as yet no clear 

evidence that STs and GTs acquire drug self administration differently. 

As noted above, experiments utilizing the traditional extinction-reinstatement procedure 

(e.g., Saunders and Robinson, 2010; Shaham et al., 2003) are thought to primarily assess the 

conditioned reinforcing properties of drug cues, given that animals respond to produce the cue. It 

is also possible, however, that behavior during such reinstatement tests is also maintained in part 

by a cue-evoked conditioned motivational state (Milton and Everitt, 2010). After the initial cue 

presentation, it is unknown if the cue promotes subsequent responses because it reinforced the 

preceding response, or if it evoked conditioned motivation. I addressed this in chapter 4. 

Novel procedures to model drug “craving” in rodents 

In chapter 4, I utilized a novel procedure to examine an individual variation in a discrete 

cocaine cue’s ability to evoke drug seeking by producing a conditioned motivational state, as 

well as the role of accumbens core dopamine in this effect.  
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Drug-associated cues, as described above, produce relapse via multiple psychological 

mechanisms (Milton and Everitt, 2010). In this chapter, I wanted to directly explore relapse via 

cue-evoked conditioned motivation (states of “wanting” or “craving”; Berridge, 2007). To do 

this, I developed a novel procedure, based on a recent paper by Cooper et al. (2007). I trained 

STs and GTs to self administer cocaine, where a discrete visual cue was paired with drug 

infusions, and then, instead of extinction training, an aversive consequence (footshock) to drug 

seeking was introduced to eliminate self-administration behavior. When the consequences were 

high enough that responding fell to a low level, I assessed the ability of the cocaine cue to 

instigate drug seeking by presenting it noncontingently, under extinction conditions, but with the 

electric barrier still in place. This spurred more robust seeking behavior in STs than GTs. Thus, 

both cocaine (see below; Saunders and Robinson, 2011b) and discrete cocaine cues produce a 

state of conditioned motivation to a greater extent in some rats, and this motivational state is 

powerful enough to evoke drug-seeking behavior, even overcoming aversive consequences. The 

experiments in chapter 4 extend a recent study by Leblanc et al. (2012), who demonstrated that a 

discrete cocaine cue can invigorate ongoing cocaine-seeking behavior. Our results suggest that 

the cue itself can generate intense conditioned motivation, even in the absence of drug 

availability.  

These studies represent some of the first successful attempts to model relapse in rodents 

using procedures other than the traditional extinction-reinstatement paradigm (Shaham et al., 

2003). My experiment incorporated two important procedural distinctions. First, cocaine seeking 

was evoked, or instigated, by the noncontingent presentation of a discrete cocaine cue. This is 

important, given that in real addicts, relapse is often instigated by the incidental appearance of 

drug-associated stimuli. Additionally, in my study, rats were not extinguished, but rather 
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abstained from cocaine seeking when faced with escalating aversive costs. This better 

approximates the reasons that addicts discontinue drug use, which often occurs when they are 

faced with unacceptable physical or social costs (Epstein and Preston, 2003; Wallace, 1999). 

Furthermore, extinction training, relative to abstinence alone, alters the brain in ways that are 

relevant to relapse (Fuchs et al., 2006). 

I next followed up on this behavioral study, training another group of rats on the same 

escalating adverse consequences procedure. I then injected these rats with drugs to either block 

or facilitate dopamine transmission within the nucleus accumbens core. I found that antagonism 

of dopamine signaling, via flupenthixol administration, blocked cue-evoked drug seeking, while 

potentiation of dopamine transmission, via amphetamine administration, increased cue-evoked 

seeking responses. This parallels a recent finding that the magnitude of cue-evoked dopamine 

release within the nucleus accumbens core is significantly correlated with intensity of sign-

tracking responses rats made toward a discrete cocaine cue (Aragona et al., 2009). Thus, it is 

likely that accumbens core dopamine transmission has a direct role in discrete cue-evoked drug 

seeking. 

These results from chapter 4 are in accordance with a series of studies that further suggest a 

causal role for dopamine signaling in incentive motivation for reward cues. For example, 

potentiation of dopamine release increases sign-tracking behavior (Hitchcott et al., 1997; Holden 

and Peoples, 2010; Phillips et al., 2003a; but see Simon et al., 2009), but not goal-tracking 

behavior (Doremus-Fitzwater and Spear, 2011), and also increases the conditioned reinforcing 

effects of food and drug-associated cues (Collins et al., 2012; Hill, 1970; Kelley and Delfs, 1991; 

Robbins, 1975, 1976; Taylor and Robbins, 1984). Additionally, injection of amphetamine 

increases the ability of a discrete Pavlovian cue to spur ongoing food-seeking behavior, as 
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measured by a general PIT procedure (Wyvell and Berridge, 2001). This is consistent with 

reports that administration of dopamine receptor antagonists suppresses general PIT effects 

(Dickinson et al., 2000; Ostlund and Maidment, 2012; Smith and Dickinson, 1998; Wassum et 

al., 2011), suggesting that dopamine signaling is necessary for Pavlovian CSs to invigorate 

instrumental responding. Dopamine appears to be somewhat less important for the outcome-

selective version of PIT. For example, Yin et al. (2006) found that genetically-modified 

“hyperdopaminergic” mice failed to show elevated outcome-specific PIT, relative to wild type 

control mice (see also, Shiflett, 2012). Furthermore, Ostlund and Maidment (2012) reported that 

dopamine antagonists did not influence the ability of CSs to bias action selection for a specific 

outcome. Dopamine’s role in mediating the conditioned motivational effects of CSs may be 

relatively localized to the ventral striatum, however, as elimination of dopamine cells projecting 

to the dorsal striatum had no effect on either general or outcome-specific PIT (Pielock et al., 

2011).  

Internal states motivate cocaine seeking differentially in sign and goal trackers 

In chapter 5 (Saunders and Robinson, 2011b), I investigated variation in the motivational 

properties of cocaine in STs and GTs. 

Internal subjective states associated with drug intake are clearly critical in the initial phases 

of drug taking, but they also acquire conditioned motivational properties that become important 

for the maintenance of drug seeking, and relapse (Jaffe et al., 1989; Stewart et al., 1984). When 

rats trained to self administer cocaine in the absence of any explicitly paired cues were tested on 

a progressive ratio schedule, with the goal of assessing motivation to obtain cocaine itself, STs 

made more drug seeking responses, reaching higher “breakpoints” that GTs. Thus, even though 

STs and GTs showed no initial differences in self-administration behavior, at least under these 
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restricted conditions, for STs, the conditioned effects of cocaine motivated more persistent drug 

seeking. Notably, this is one of the few instances in which I removed the stringent infusion 

criterion that was in place throughout these studies and let rats respond for cocaine without 

limits. While STs did reach significantly higher breakpoints, given the quickly escalating 

response requirements of the PR schedule, this only resulted in a few extra infusions, relative to 

GTs. This does suggest, however, that once STs have acquired stable self-administration, they 

may be more prone to escalating drug intake, relative to GTs. This can be addressed in future 

studies using long/extended access self-administration paradigms (Ahmed and Koob, 1998; 

Vanderschuren and Everitt, 2004; Wakabayashi et al., 2010). 

In the second part of this experiment, I extinguished drug-seeking responses and then gave 

rats a “priming” injection of cocaine before an additional test day conducted under extinction 

conditions. This reinstated robust drug seeking behavior in STs, but relatively less behavior in 

GTs. Similar to the progressive ratio effect, this indicated that the conditioned interoceptive cues 

associated with cocaine generated greater conditioned motivation in STs. Combined with the 

data in chapter 4, it appears that both discrete, localizable drug stimuli and interoceptive drug 

stimuli acquire greater conditioned motivational value in STs. It is somewhat unclear why these 

cue types both produce greater conditioned motivation in STs, but contextual cues (see below) 

produce greater conditioned motivation in GTs. One commonality between the light cue I used in 

chapter 4 and the internal drug cues in chapter 5 is that they both have discrete elements, either 

physically (i.e., a circular light) and/or temporally (i.e., a limited time course of drug action).  

Drug contexts differentially motivate sign and goal tracker behavior 

In chapter 6 I investigated ST and GT responses to static, contextual cues - that are neither 

physically nor temporally discrete. Contextual information is thought to be a consolidation of the 
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separate elements of a US-associated environment into a configural representation that is 

qualitatively different from representations of discrete and interoceptive cues (Fanselow, 2010; 

Holland and Bouton, 1999). In chapter 6, I asked whether a cocaine-associated context acquires 

different motivational value in STs and GTs.  

First, I found that GTs exhibited greater conditioned hyperactivity when placed into a context 

that had been previously associated with experimenter-delivered injections of cocaine. Drug-

conditioned locomotor behavior is thought to reflect activation of conditioned motivation for the 

drug, but given that there is no opportunity for the animal to work for drug, or to approach and 

engage a discrete localizable cue, it is expressed as general hyperactivity (Beninger et al., 1981; 

Jones and Robbins, 1992; Robinson and Berridge, 1993). Though I did not assess the dopamine 

dependence of the conditioned hyperactivity effect reported in this chapter, there is reasonable 

evidence that the ability of drug-associated contexts to induce hyperactivity requires dopamine 

signaling. For example, Gold et al. (1988) found that repeated amphetamine injections in a 

specific context resulted in conditioned locomotion on a test day when rats received saline 

injections, but if dopamine cells projecting to the nucleus accumbens were selectively lesioned 

via infusion of 6-hydroxydopamine (6-OHDA), this conditioned hyperactivity was abolished, 

even though rats still showed acute unconditioned locomotion in response to amphetamine. The 

effect appears to be relatively specific to dopamine within the accumbens, as dopamine 

depletions in the caudate putamen and prefrontal cortex fail to block conditioned hyperactivity 

(Jones and Robbins, 1992). This suggests that dopamine in the accumbens is involved not only in 

the acute psychomotor response to stimulant drugs, but also in attributing the drug-associated 

context with motivational value. Therefore, the conditioned hyperactivity expressed by GTs in a 
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cocaine context may be interpreted as reflecting the dopamine-dependent incentive motivational 

influence of the context. 

In a separate experiment, I found that GTs, when returned to a context where they had 

learned to self administer cocaine, following extinction in a novel context, renewed their 

cocaine-seeking behavior significantly more than STs. Notably, this result and the conditioned 

hyperactivity effect described above were the first examples of a reward cue-related behavioral 

effect that was larger in GTs. In accordance with this, we recently found, using a fear 

conditioning paradigm, that GTs show greater contextual conditioned fear than STs, but STs 

showed greater discrete cue-induced fear (Morrow et al., 2011). Together with my study, this 

raises the interesting possibility that STs and GTs preferentially assign incentive motivational 

value to discrete and contextual information, respectively, associated with emotional events, and 

regardless of the valence of the outcome. 

It is unclear how STs and GTs might differ in a procedure like those used in most other drug 

context experiments (e.g., Bossert et al., 2004; Bossert et al., 2007; Bossert et al., 2009), where 

the context serves as an occasion setter (Crombag et al., 2008; Holland, 1992). Critically in these 

studies, discrete cues are associated with drug-seeking actions at all phases of the experiment, 

but during extinction, the context is changed. Rats learn that the extinction context means the 

discrete cues are no longer associated with drug. Then, when returned to the drug context, the 

contextual information indirectly drives behavior by reestablishing the conditioned reinforcing 

properties of the discrete cue. Several studies have shown that antagonism of dopamine receptors 

blocks reinstatement under these conditions (Bossert et al., 2007; Bossert et al., 2009; Crombag 

et al., 2002). Given that the procedure I used was different from these studies, in that no discrete 

cues were used (Fuchs et al., 2005), it is possible that under these conditions context-induced 
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cocaine seeking would not be dependent on dopamine. To test this, I replicated the context 

renewal study, but also administered flupenthixol into the nucleus accumbens core of some rats 

just prior to the renewal test. This manipulation blocked the context-induced cocaine seeking in 

GTs. Given that no discrete cues are present, the context itself may acquire Pavlovian incentive 

motivational properties that directly drive drug seeking (Crombag et al., 2008; Fuchs et al., 

2005). Several studies, outlined here, suggest that dopamine signaling, particularly within the 

accumbens core, is necessary for reward cues to evoke conditioned motivational states that spur 

on actions. Thus, it is possible that the context-induced reinstatement in GTs I found in chapter 6 

is dependent on dopamine specifically because I utilized a procedure that resulted in the context 

itself acquiring Pavlovian incentive motivational value, similar to how discrete cues did for STs 

in other experiments.  

What psychological processes account for sign and goal tracker variation? 

Taken together, the studies in my dissertation, and related ones from our laboratory, clearly 

show that reward-associated stimuli are processed very differently across different individuals. 

We find that behavioral differences on a simple Pavlovian conditioning procedure predict 

differences in responsivity to an assortment of food and drug-associated cues, in a variety of 

experimental paradigms. This suggests that the differences we see between STs and GTs are not 

likely to be an artifact of one particular procedure, but reflect real underlying psychological and 

neurobiological diversity. While we do not have a clear understanding of the sources of that 

variability, it is worth discussing some potential options. 

First, however, I should point out that the psychological processes that govern the acquisition 

and/or expression of ST and GT conditioned approach – the behavioral measure we use to define 

them – and processes that may govern the behavior of STs and GTs in other tasks described in 
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this dissertation may or may not be the same. There need not be a unitary ST and GT 

psychological substrate, and it is likely that they utilize different psychological strategies in 

different reward-seeking situations. 

Berridge and colleagues (Difeliceantonio and Berridge, 2012; Mahler and Berridge, 2009) 

have suggested that a more or less equivalent psychological process governs the behavior 

exhibited by STs and GTs during Pavlovian training. They argue that the tendency to attribute 

Pavlovian incentive motivational value to cues is equal in STs and GTs, the difference is onto 

which cues that value is attributed. STs, as we have suggested, come to find the lever cue 

attractive and desirable, which drives their approach towards it. GTs, conversely, attribute 

incentive salience equally, but to the food hopper instead – specifically, in the case of the 

Berridge studies – the dish where food is delivered. This hypothesis stems from studies 

demonstrating that pharmacological amplification of mu-opioid receptor signaling within the 

central amygdala enhances behaviors that occur once a rat has completed an approach CR, such 

number of nibbles and sniffs of either the lever, or the food dish while the lever is extended, and 

it does so similarly in STs and GTs (Difeliceantonio and Berridge, 2012; Mahler and Berridge, 

2009). It is somewhat difficult to relate these studies to ours, due to differences in what behaviors 

are measured. Given that the data are based on hand-scored video of behavior that occurs once 

an approach CR has been made, is unclear in these studies whether or not the probability of 

actually making an approach CR itself – walking to the lever or food dish – is affected by opioid 

manipulations. For example, in the study by Mahler and Berridge (2009), mu-opioid receptor 

stimulation actually decreased computer-scored lever presses among sign trackers, which could 

be a result of a reduction in the probability of lever approach and/or and alteration of the 

topography of behavior once the lever had been approached. In a follow-up study, however, 
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Difeliceantonio and Berridge (2012) reported that mu opioid stimulation decreased the latency to 

make a contact with either the lever, or food dish, suggesting that this manipulation may enhance 

the vigor of approach behavior regardless of phenotype. We have shown that making a sign-

tracking approach CR, but not a goal-tracking CR, is dependent on dopamine signaling (Flagel et 

al., 2011b; Saunders and Robinson, 2012). To this extent, at least, the neural systems responsible 

for getting STs and GTs to the location they end up approaching are different, suggesting that the 

psychological process and elicits approach may also be different. Once a rat has made his 

preferred CR, however, it is clear that the more “consummatory” terminal behaviors (e.g., 

grabbing, biting, sniffing, etc) are regulated by similar neural substrates (e.g., endogenous 

opioids) in STs and GTs, and thus are likely to be more similar from a psychological perspective, 

perhaps reflecting an incentive salience “wanting” mechanism.  

Thus, we cannot rule out the possibility that the food dish has incentive motivational 

properties for GTs that are functionally similar to those STs appear to have for the lever. Future 

studies could clarify this. For example, it is unknown if GTs will respond in order to receive 

presentations of the food dish itself, which would be the complementary study to the lever 

conditioned reinforcement test that favors STs (Robinson and Flagel, 2009). As a final 

consideration, Difeliceantonio and Berridge (2012) have suggested more recently that 

similarities between STs and GTs may not exist under baseline testing conditions but surface 

only when internal motivational state is dramatically altered, such as under food deprivation or 

pharmacological activation. Indeed, under baseline conditions, we see low levels of physical 

interaction with the food dish in GTs (P. Meyer, unpublished observations). 

The context results from chapter 6, along with other studies, suggest that in at least some 

circumstances, goal-tracker behavior is under the control of contextual information to a greater 
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degree than is sign-tracker behavior. At this point, however, we can only speculate whether goal-

tracking CRs themselves are under significant contextual control. Interestingly, during Pavlovian 

training, GTs, though they clearly discriminate between discrete CS and non-CS periods (i.e., 

they respond in the food hopper at a much higher rate when the CS is present), tend to enter the 

food hopper overall more than STs during the intertrial interval (Meyer et al., 2012a). This might 

be evidence that the context of the chamber, which includes the food hopper, acquires 

conditioned motivational properties that drive GT responding independent of discrete cue 

presentations. However, we do know that intertrial food hopper entries for STs and GTs are not 

affected by antagonism of dopamine receptors in the accumbens core (Saunders and Robinson, 

2012). To the extent that the ability of cues to evoke conditioned motivational states is dependent 

on dopamine signaling in the accumbens (see above), this interpretation is somewhat inconsistent 

with my findings in chapter 6, where core dopamine blockade prevented context-induced 

reinstatement in GTs. Given the differences in the experimental setting between these studies, 

however, we can potentially explain this discrepancy. In the Pavlovian training procedure, the 

context more likely serves as an occasion setter (Holland, 1992), indirectly modulating the 

effects of the discrete lever cue, while in the reinstatement paradigm, given that no discrete cues 

are present, the context may acquire Pavlovian incentive motivational properties that directly 

drive drug seeking (Crombag et al., 2008; Fuchs et al., 2005). These different psychological 

mechanisms of context-regulated behavior are subserved by distinct neural mechanisms (see 

below; Holland and Bouton, 1999).  

Alternatively, contextual control of goal-tracking CRs may not depend on dopamine 

signaling, or may be controlled by dopamine signaling in areas outside the accumbens core 

(Flagel et al., 2011b; Saunders and Robinson, 2012). A final possibility is that goal-tracking CRs 
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are not under significant contextual control. This can be tested in future experiments by 

introducing context shifts during Pavlovian training. If goal-tracking behaviors are mediated by 

an occasion setting mechanism, for example, we would expect rats would exhibit attenuated goal 

tracking immediately after a context shift, and would have to relearn the CR in the new context.  

We have previously speculated (Meyer et al., 2012a; Saunders and Robinson, 2012) that 

something akin to a cognitive reward expectancy process (Bindra, 1978; Dickinson and Balleine, 

1994; Toates, 1986) may mediate goal-tracking CRs. If presentation of the CS evokes an explicit 

cognitive representation of the outcome (US), this could result in goal-directed approach to the 

food cup to await delivery of the expected reward. Goal-directed instrumental behavior governed 

by explicit cognitive expectations (“instrumental incentives”) does not require dopamine 

(Dickinson et al., 2000; Lex and Hauber; Wassum et al., 2011; Yin et al., 2006), but instead may 

depend on endogenous opioid signaling (Wassum et al., 2009), which has also been implicated in 

some aspects of goal-tracking behavior, as described above (Difeliceantonio and Berridge, 2012; 

Mahler and Berridge, 2009). Therefore, the goal-directed approach seen here may be akin to 

behavior governed by an act-outcome association, which is thought to be dependent more on 

corticostriatal than mesolimbic circuits (Balleine and Dickinson, 1998; Daw et al., 2005).  

In light of the results from my context studies, however, we can potentially refine this 

interpretation somewhat. GTs may use so-called ‘model-based’ forms of learning (Daw et al., 

2005; Dayan and Balleine, 2002; Glascher et al., 2010; Tolman, 1948), which involve the 

formation of a kind of “cognitive map” of the environment that includes information about how 

specific events are related to one another (McDannald et al., 2012). Importantly, contextual 

information is an integral part of such representations (Nadel and Willner, 1980; Redish, 1999). 

In the Pavlovian setting in our experiments, contextual information may be integrated into the 
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“model space”, such that when a GT enters the training context, it calls up specific 

representations of the outcomes associated with discrete cue presentation, and with the action of 

entering the magazine.  

In summary, the psychological mechanisms of individual variation described in this 

dissertation are quite complex. Under some conditions, STs and GTs likely utilize dopamine-

dependent Pavlovian incentive motivational processes to guide their reward-seeking behavior, 

but under others, differing processes may be engaged. Examination of intermediate rats, that 

exhibit a mix of sign and goal-tracking CRs, suggests that the psychological processes governing 

approach may switch on a trial-to-trial basis (Saunders and Robinson, 2012). Thus, it is likely 

that considerable variation also exists within individuals, in addition to across individuals. Many 

future studies are necessary to fully understand what these processes governing these behaviors 

are, the particular circumstances under which they diverge, and when they converge. 

What neural circuitry underlies sign and goal-tracker phenotypes? 

We have only just begun to parse the neural systems that 1) are involved in the acquisition 

and performance of sign and goal-tracker CRs and 2) contribute to the behavioral differences 

predicted by variation in approach CRs. One study recently investigated, at least indirectly, cue-

induced neural activity of STs and GTs. Flagel et al. (2011a) measured c-fos mRNA expression 

– an indirect measure of neuronal activation – in the brains of STs and GTs following exposure 

to the same lever cue they had experienced during Pavlovian training (in this case, under 

extinction conditions). This cue exposure produced significant increases in c-fos mRNA 

expression in the nucleus accumbens core and shell, dorsal striatum, lateral habenula, lateral 

septum, OFC, and the paraventricular, mediodorsal, and central medial nuclei of the thalamus in 

STs, relative to rats who received an equivalent number of unpaired presentations of the CS and 
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US. Interestingly, in GTs c-fos mRNA expression in these regions was not different from 

unpaired control rats, even though for GTs the cue was an effective CS. This suggests that the 

acquisition of predictive value, via Pavlovian conditioning, is not sufficient for a discrete, 

localizable CS to significantly “engage” traditional brain reward systems. 

Notably, however, in Flagel et al. (2011a), on the cue exposure day rats were only presented 

with the lever cue – the food hopper was removed from the chamber. Thus, this design did not 

allow for an assessment of c-fos expression in response to food hopper exposure. It is possible 

that in GTs, experience with the hopper (or the hopper in combination with the lever) would be 

sufficient to activate at least some of the brain regions examined in Flagel et al. (2011a). 

Additionally, Flagel et al. (2011a) did not examine c-fos expression in the hippocampus and 

related regions known to be important for processing contextual information (Holland and 

Bouton, 1999). In light of the context conditioning results from chapter 6, and those of Morrow 

et al. (2011), we might expect that exposure to the Pavlovian training context, in the absence of 

any discrete cues, would be sufficient to induce c-fos activity in these regions selectively in GTs. 

One possible difference in the way GT and ST brains process emotional information is that in 

GTs, hippocampal circuits are preferentially engaged, while in STs, the mesocorticolimbic 

circuitry described above is predominately engaged.  

Therefore, in general, it will be important to assess the role of neural circuitry involved in 

contextual information processing in variation across STs and GTs. The hippocampus is 

critically involved in contextual conditioning, and its connectivity allows it to regulate key 

structures involved in motivated behavior. Importantly, the hippocampus is positioned to 

regulate dopamine signaling throughout the forebrain via direct modulation of dopamine 

terminal regions in the PFC, BLA, and nucleus accumbens core and shell, or indirectly, via 
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projections onto the VTA (Cardinal et al., 2002a; Floresco et al., 2001; Holland and Bouton, 

1999; Lodge and Grace, 2005; Maren, 2011). These hippocampal output pathways have different 

functional roles (Corbit and Balleine, 2000; Fanselow, 2010; Fuchs et al., 2005; Gruber and 

McDonald, 2012; Holland and Bouton, 1999; Ito et al., 2005; Luo et al., 2011). The degree to 

which a given behavior is dopamine dependent in STs and GTs may depend on which of these 

systems is significantly engaged. 

We have some evidence that the mesolimbic dopaminergic systems of STs and GTs are 

different, though the relevance of these differences for studies in this dissertation is unclear. In 

striatum, STs have higher levels of mRNA for the D1 dopamine receptor, and lower levels of 

dopamine transporter (DAT) mRNA, than GTs, which has the functional consequence of greater 

dopamine receptor activation (Flagel et al., 2007). Other studies, using selectively bred rats, have 

shown that within the nucleus accumbens core STs have more spontaneous dopamine release 

events (“transients”), and have a greater number of high affinity dopamine D2 receptors, relative 

to GTs (Flagel et al., 2010). These studies should be interpreted with caution, however, as 

selective breeding can result in many nonspecific genetic and neural distinctions.  

Parallels between human and non-human animal studies 

The overall goal of my dissertation has been to better understand individual variation in 

responsivity to reward-related cues, especially drug cues. Though it is often difficult to isolate 

particular psychological variables, there is extensive evidence that the processes I have described 

above in rodents that allow cues to guide adaptive reward-seeking behavior, but contribute to 

compulsive behaviors such as addiction, also exist in humans. In many cases, human data closely 

parallel the preclinical literature, suggesting that the individual differences we see in rodents can 

directly inform clinical investigations.  
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Humans find reward cues “attractive”, such that they receive greater perceptual and 

attentional resources, even outside volitional awareness (Hickey et al., 2010a; Hickey and van 

Zoest, 2012; Raymond and O'Brien, 2009). This is often measured by their ability to bias 

attention relative to neutral cues (Field and Cox, 2008). Interestingly, studies in humans 

demonstrate substantial individual variation in the degree to which discrete reward cues are 

allocated with visual and attentional resources. For example, Hickey et al. (2010b) found that 

individuals with “reward-seeking” personality characteristics, as measured by the Behavioral 

Inhibition/Activation Scale (Carver and White, 1994), showed greater reward-primed attentional 

bias for reward-associated visual stimuli. A few studies have even attempted to examine 

individual differences in discrete drug-cue approach tendencies in humans (Christiansen et al., 

2012; Field et al., 2008; Field et al., 2005; Palfai, 2006; Thewissen et al., 2007; Van Gucht et al., 

2008; Wiers et al., 2009). Direct measures of approach behavior are difficult to examine in 

people, so investigators have developed experimental paradigms that allow for approach to be 

inferred. For example, Field et al. (2005) found that individuals with high levels of alcohol 

craving had more pronounced “approach” to alcohol-related pictures, as measured by the speed 

at which they moved a character on a computer screen towards or away from the pictures. Wiers 

et al. (2009) found a similar relationship between alcohol drinking history and the tendency to 

use a computer joystick to “approach” alcohol-related images on a screen.  

The degree to which humans find drug cues attractive, as measured by their ability to bias 

attention, relative to neutral cues, predicts subjective craving for drugs, prospective drug use, and 

likelihood of relapse (Cox et al., 2002; Field and Cox, 2008; Franken et al., 2000; Marissen et al., 

2006; Simon et al., 2010; Waters et al., 2003). For example, Field and Eastwood (2005) found 

that when subjects were experimentally manipulated into exhibiting greater attentional bias to 
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discrete alcohol cues, they experienced greater subjective craving, and drank more alcohol later 

during a taste test. By training subjects to exhibit less attentional bias to alcohol cues, Fadardi 

and Cox (2009) reduced their subsequent alcohol consumption. Similarly, Attwood et al. (2008) 

found that smokers could be trained to show more or less attentional bias, and the degree of bias 

was positively associated with subjective craving. These studies suggest there is a direct 

correlation between the extent that a drug cue is attractive and attention grabbing and its ability 

to spur motivation to take drugs.  

Additionally, a large number of studies have demonstrated that drug cue-induced craving is 

positively correlated with intensity of abuse history and/or future intake, and likelihood of 

relapse (for review, see Carter and Tiffany, 1999; Tiffany and Wray, 2012), though the 

relationship between craving and subsequent drug use is somewhat controversial, as some 

studies have also demonstrated weak or insignificant correlations between cue-induced craving 

and drug-related behaviors. Most of these studies, however, measure craving in the laboratory, 

where the context has never been associated with drug use, and thus may not be conducive to the 

generation of robust craving (Vezina and Leyton, 2009). Interestingly, recent studies have 

examined the relationship between craving and drug use in the addict’s “natural environment”. 

For example, Epstein et al. (2009) monitored use of cocaine and heroin in outpatient subjects, 

using an ecological momentary assessment method (Stone and Shiffman, 1994), where subjects 

themselves reported real-time behavioral and subjective data on handheld electronic devices. 

They found that cocaine use was predicted by a variety of antecedent “triggers”, such as seeing 

the drug, or being reminded of drug use. Addicts who used more cocaine reported the most 

intense craving associated with these triggers (though this relationship was less clear for heroin 

use). Similar positive predictive associations between reported cue-induced craving and 
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subsequent real-life drug use have been found in other studies (Epstein et al., 2010; Preston et al., 

2009; Shiffman, 2009; Shiffman et al., 2002).  

Many of these studies demonstrate the considerable individual variation in the ability of 

drugs and drug cues to bias attention, produce craving, and instigate relapse in humans (Abrams 

et al., 1988; Carpenter et al., 2009; Carter and Tiffany, 1999; de Wit et al., 1986; de Wit et al., 

1987; Kirk and de Wit, 2000; Lloyd and Salzberg, 1975; Niaura et al., 1998; Payne et al., 2006). 

Indeed, there is growing evidence that some humans are more reactive to certain types of cues, in 

that they bias attention and/or elicit craving for the reward to a greater extent. For example, 

Mahler and de Wit (2010) examined food and cigarette craving in a group of smokers. They 

found that those individuals that showed the highest craving in response to discrete food cues, 

when hungry, also showed the highest craving to discrete smoking cues, after a period of 

abstinence. Similar results were found in a more recent study (Styn et al., In press). This 

individual variation parallels that found in some of the studies with rats I described in this 

dissertation (e.g., Saunders and Robinson, 2010; Saunders and Robinson, 2011b), suggesting that 

some humans may be more “cue reactive”, prone to assigning high motivational salience to 

discrete cues in general, regardless of the type of reward they are associated with. It is important 

to point out, however, that while more and more studies are examining the role of cues in 

disorders such as addiction, the majority of these studies exclusively focus on discrete cues, such 

as images or drug paraphernalia, rather than drug-associated contextual information per se. One 

conclusion that can be drawn from my experiments is that “cue reactive” is not a unitary concept, 

and it is likely that different individuals will be susceptible to the motivational effects of 

different types of reward-associated stimuli.  

Dopamine regulates drug-cue responsivity in humans 
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As I demonstrated above in rodent studies, dopamine signaling is critically involved the 

attribution and expression of incentive motivational properties to multiple types of reward cues, 

and substantial evidence from human addiction studies, including many by Nora Volkow and 

colleagues, suggests that brain dopamine systems also play a key role regulating in the 

motivational impact of drug-related stimuli (primarily discrete cues) in addicts (Ersche et al., 

2010; Franken et al., 2005; Franken et al., 2004; Goldstein et al., 2009; Laruelle et al., 1995; 

Leyton et al., 2002; Volkow et al., 2006; Volkow et al., 1994; Volkow et al., 2008; Wong et al., 

2006). Dopamine signaling is often measured by displacement of the dopamine D2 receptor 

radiolabeled raclopride using PET imaging. For example, Volkow et al. (2006) found that when 

cocaine addicts view images of cocaine use, dopamine signaling surged within the striatum (see 

also Wong et al., 2006) and the magnitude of cue-evoked dopamine release correlated with 

subjective craving. Similar striatal dopamine increases have also been shown in response to 

discrete amphetamine-associated stimuli (Boileau et al., 2007), as well as heroin cues (Zijlstra et 

al., 2008).  

Dopamine signaling in humans also has a broad role in attentional processing of reward cues, 

including drug cues. Increases in dopamine transmission produce enhancements in performance 

on behavioral tasks that require selective attention to stimuli, while reductions in dopamine, via 

pharmacological manipulations, or as seen among Parkinsonian patients, results in selective 

attention deficits (Clark et al., 1987; Franken et al., 2005; Hickey et al., 2010a; Nieoullon, 2002; 

Servan-Schreiber et al., 1998; Stam et al., 1993). A few recent studies have assessed the role of 

dopamine in attentional bias specifically for drug-related cues. For example, Franken et al. 

(2004) found that administration of haloperidol, a dopamine receptor antagonist, reduced 

attentional bias to discrete heroin cues among heroin addicts. Reductions in drug-cue attentional 
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bias were also found in smokers following acute tyrosine/phenylalanine depletion (Hitsman et 

al., 2008; Munafo et al., 2007). Complementary to this, administration of dopamine agonists 

increases drug-cue attentional bias (e.g., Ersche et al., 2010). 

Dopamine signaling may also serve to regulate the responses of other brain regions 

associated with attentional bias for discrete drug cues, as recently demonstrated by Luijten et al. 

(2012). They found that, among smokers, haloperidol administration normalized brain activity 

within ACC and dorsolateral PFC associated with attentional bias to smoking cues. After 

haloperidol administration, smoker’s cue-induced brain activity was identical to non-smoker 

controls. Consistent with this, Hermann et al. (2006) found that administration of the dopamine 

receptor antagonist anisulpride reduced alcohol cue-induced brain activity in the ACC and OFC 

in alcoholics, such that they were no longer different from control subjects. Indeed, many brain 

regions that receive dopaminergic innervation, such as the ACC, PFC, ventral striatum, and 

amygdala are implicated in attentional bias for drug-related cues (Ersche et al., 2010; Hester and 

Garavan, 2009; Janes et al., 2010; Luijten et al., 2012; Luijten et al., 2011), and striatal dopamine 

signaling, particularly in the ventral striatum, has been suggested to serve as an interface between 

so called “bottom-up” incentive motivational processes and “top-down” cognitive control of 

behavior (Aarts et al., 2010; Cools, 2008). Thus, it is possible that dopamine is involved in both 

the formation of attentional bias for drug cues, by “marking” them with incentive salience, and 

also in the maintenance of that bias, in part by regulating drug-cue detection that occurs in other 

brain regions. This has yet to be directly tested, however, and as Luijten et al. (2012) state, it will 

be important to “examine whether individual differences in dopaminergic activation…are 

associated with differences in attentional bias-related brain activation”. Given that largely 

overlapping brain circuits are involved in the detection and processing of cues associated with 
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several classes of drugs (Kalivas and Volkow, 2005; Kuhn and Gallinat, 2011), dopamine likely 

has a fundamental role in drug-cue processing in humans.  

The interaction between dopamine systems and other brain regions is complex, and not 

unidirectional. Dopamine systems, including the VTA, as well as its target regions, are also 

under regulation from fronto-cortical regions (Parikh and Sarter, 2008; Phillips et al., 2008; 

Takahashi et al., 2011; Volkow et al., 2005; Volkow et al., 2007). An extensive literature has 

implicated abnormal activity in frontal cortical brain systems in addiction-like behaviors (Bolla 

et al., 2004; Bolla et al., 2003; Feil et al., 2010; Goto et al., 2010; Hester and Garavan, 2004; 

Kalivas and Volkow, 2005; Lucantonio et al., 2012). It remains unclear, however, the extent that 

dysfunction within frontal cortical circuits seen in addicts is a cause or consequence of long-term 

drug use, and, of course, both could be true. Further research is needed to better understand how 

variation in frontal cortical activity may interact with dopaminergic variation to underlie cue-

controlled maladaptive reward seeking. 

Implications for treatment: a focus on individual differences 

My results suggest that different individuals come to preferentially assign motivational value 

to different types of drug-related information. Specifically, some may be more motivated by 

discrete localizable drug cues, others by drug contexts. In either case, the presence of the type of 

cue that an individual is vulnerable to may facilitate maladaptive behavior, such as relapse. Thus, 

there are likely multiple susceptibility states across individuals, and as such, multiple “pathways” 

to addiction and related disorders. In a sense, the threat of addiction is a constantly moving 

target, where the particular factors that contribute to one individual’s disease diverge from the 

next. This provides a somewhat daunting task for clinicians as they develop new treatment 

regiments, but one hope is that lessons from preclinical studies, like the ones described here, can 
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provide a guiding framework. In the development of future interventions, it may be useful for 

clinicians to consider 1) individual differences in the psychological factors that control 

pathological motivation for rewards, and 2) in susceptible individuals different types of drug 

cues may be especially insidious in instigating and maintaining drug-seeking behavior.  

Some recent studies suggest potentially effective cue-based treatment strategies. For 

example, manipulating attentional bias to discrete drug cues via attentional control therapies may 

be an effective method for reducing some of the behavioral control those cues have over addicts 

(Attwood et al., 2008; Fadardi and Cox, 2009; Schoenmakers et al., 2010). These studies 

demonstrate that by training addicts to explicitly avoid paying attention to drug cues, or by 

extensively extinguishing drug cues by presenting them repeatedly and in different contexts 

without drug exposure, a cue’s relapse-provoking abilities may be lessened. Additionally, drug 

cue “reappraisal” procedures, where subjects are instructed to reinterpret the meaning of a cue, to 

render it less motivationally salient, may be effective at reducing cue-induced craving (Zhao et 

al., 2012). These studies suggest that addicts may be able to exert some cognitive control over 

cue-induced urges, but important concerns exist over how generalizable and enduring such 

behavioral therapies are. The results of my studies suggest any one of these treatments will not 

be effective on every addict, given that the varying factors that spur their relapse behavior. Thus, 

a careful consideration of variation from subject to subject will be important for future 

development of targeted, patient-tailored interventions. 

Conclusions 

Given the enormous influence reward-related stimuli have on nearly every aspect of animal 

behavior, it is of great importance to understand the psychological and biological mechanisms by 

which emotional information in the environment gets translated into motivation, in addition to 
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the circumstances that result in the dramatic variation described in the studies above. Many 

questions remain about what appears to be the existence of different cue-processing “strategies”, 

such as how they develop, and how they may evolve over time. It will require a synthesis of 

multiple levels of analysis, incorporating genetic, epigenetic, neurophysiological, and neural-

systems-level investigations, to answer these questions. As answers begin to reveal themselves, 

we will understand a lot more about how the brain generates normal motivation, as well as 

psychopathology.
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