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Abstract 

 

 Cues associated with natural or drug rewards can acquire such powerful control over 

behavior that individuals sometimes have difficulty resisting them. Indeed, the ability of reward-

related cues to motivate excessive behavior has been implicated in drug addiction, obesity, and 

binge eating. For example, in human addicts and animal models of drug self-administration, drug 

cues are important for both maintaining and reinstating drug-seeking behavior. There is, 

however, considerable individual variation in the influence of reward-associated cues on 

behavior. We have argued that this is due, in part, to individual variation in the degree to which 

reward-related cues acquire incentive motivational properties (are attributed with incentive 

salience), and thus acquire the ability to act as incentive stimuli. For example, if a localizable 

stimulus (the conditioned stimulus, CS) is repeatedly paired with delivery of a food reward (the 

unconditioned stimulus, US) the food cue itself becomes attractive, eliciting approach and 

engagement with it in some rats (sign-trackers, STs). However, in other rats the food cue itself is 

not attractive, but instead upon CS presentation these animals approach the location where food 

will be delivered (goal-trackers, GTs). Yet other rats vacillate between the cue and the goal. 

Furthermore, a localizable food cue is a more effective conditioned reinforcer, and is more 

effective in reinstating food-seeking behavior, in STs than in GTs. Thus, only in some animals 

does a predictive cue also acquire the properties of an incentive stimulus – the ability to attract, 

the ability to act as a conditioned reinforcer, and to spur (motivate) seeking for its associated 

reward.
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 Recent studies suggest that the propensity of animals to attribute incentive salience to a 

food cue predicts the extent to which a drug cue acquires incentive properties. While there is 

now considerable evidence for individual variation in the extent to which a classically 

conditioned food cue is attributed with incentive salience, there is much less information 

concerning individual variation in the extent to which classically conditioned drug cues acquire 

incentive motivational properties. This dissertation will address the following questions: 1) Does 

individual variation in the tendency to attribute incentive value to a food cue predict the tendency 

to attribute incentive value to a classically conditioned drug cue? and 2) Are there differences in 

the ability of food and drug cues that are predictive of reward (i.e., GTs and STs) vs. ones that 

also acquire incentive motivational properties (i.e., STs) to engage brain reward systems?  

 In Chapter 2 I found that a classically conditioned cocaine cue became more attractive, in 

that it elicited greater approach behavior towards it, and more desired, in that it supported more 

robust drug-seeking behavior under extinction conditions, in individuals prone to attribute 

incentive salience to a food cue. In Chapter 3, I explored the extent to which an opioid cue 

became attractive and desired. I found that relative to GTs, STs were more attracted to the opioid 

cue and they also found it more desirable. Dopamine transmission within the nucleus accumbens 

core is necessary for conditioned approach behavior to an opioid cue. Furthermore, I found that 

in order for the mesocorticolimbic system to be engaged by either a food or opioid cue it must be 

imbued with incentive salience. Finally, in Chapter 4, I found that while a nicotine cue became 

attractive to both STs and GTs, it was a more effective conditioned reinforcer in STs than GTs. 

These studies have the potential to significantly shift how we think about individual vulnerability 

to addiction and relapse, and to point the way for better targeted interventions.
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Chapter 1 

Introduction 

 Attending to environmental stimuli (sights, sounds, smells, places) that are associated 

with rewards and dangers (i.e., cues) are of cardinal importance for survival. Animals live in an 

ever-changing environment and being able to determine where resources might be found or 

where a predator might be lurking could be the difference between life and death, and cues 

provide a mechanism for doing so as they carry information. Cues can aid animals in learning 

about whether an outcome will be good or bad, reinforcing actions leading to positive or 

appetitive outcomes and diminishing behaviors leading to negative or aversive outcomes, and 

thus contribute to decision-making. Furthermore, cues can also act as predictors of reward - 

signaling the location and/or the availability of reward. For example, the vivid red color of an 

apple indicating it is ready to be consumed or a hole in the ground where a hungry bird might 

find a worm. Although cues are important for guiding normal, adaptive, behaviors, such as 

seeking out food or a mate, they can also contribute to compulsive behaviors associated with 

disorders such as obesity, binge eating, gambling, and addiction. 

Conditioned stimuli 

Cues in the environment that are associated with rewards can influence behavior in 

multiple ways. One of the oldest, well known, and most studied ways is the ability of cues to act 

as conditioned stimuli (CS), which are capable of eliciting a conditioned response (CR, Pavlov 

1927). This was first demonstrated in now classic studies conducted by Pavlov (1927). In
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Pavlov’s original experiments he paired the ticking of a metronome (the CS), an initially neutral 

stimulus, with the delivery of a food reward (the unconditioned stimulus, US). He found that 

after repeated pairings, presentation of the ticking metronome (the CS) alone could elicit 

salivation (the CR). Pavlov noticed that dogs initially salivated, a reflexive response, 

unconditionally when presented with the food reward (the US), and therefore termed the ability 

of the CS to evoke a CR as a conditioned reflex. The idea that the ability of a CS to evoke a CR 

was a simple reflexive response was a long held idea by many researchers. 

Incentive stimuli  

While CSs are capable of eliciting simple CRs, there have been many studies since 

Pavlov’s initial work showing that reward cues not only acquire the ability to elicit simple 

reflexive or autonomic CRs, but they can also activate complex emotional and motivational 

states (Berridge 2001; Bindra 1978; Cardinal et al. 2002; Konorski 1967; Lajoie and Bindra 

1976; Rescorla 1988; Toates 1986). In order for a reward cue to arouse a motivational state it 

must be attributed with incentive salience. Incentive salience refers to the “motivational… 

component of reward. Its attribution transforms mere sensory information about rewards and 

their cues (sights, sounds, and smells) into attractive, desired, riveting incentives” (Berridge and 

Robinson 2003, p. 510). Cues that have been attributed with incentive salience (incentive 

stimuli) acquire three fundamental properties. Incentive stimuli are: (1) attractive, eliciting 

approach towards them and biasing attention, (2) “wanted”, in that individuals will work for 

them (i.e., they act as conditioned reinforcers) and, (3) can evoke a state of conditioned 

motivation that spurs the pursuit of their associated reward (Berridge 2001; Cardinal et al. 2002; 

Lovibond 1983; Milton and Everitt 2010).  
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Conditioned approach 

 The first feature of an incentive stimulus is the ability to grab one’s attention and attract. 

This serves to bring the individual into close proximity with the cue and often also with the 

reward itself. In the lab this feature of an incentive stimulus is often measured by Pavlovian 

conditioned approach behavior. In a classic Pavlovian conditioned approach experiment, a cue 

(the CS) is paired with the delivery of a reward (the US) and after repeated pairings presentation 

of the CS often comes to elicit approach behavior towards it (Brown and Jenkins 1968; Hearst 

and Jenkins 1974). This is quite remarkable given that no action is required by the animal to 

receive reward delivery. Hearst and Jenkins (1974) originally termed this conditioned approach 

response “sign-tracking” because animals directed their behavior towards the cue, or “sign”, 

which predicted reward delivery. It is important to note that the term “autoshaping” was 

originally used to describe this procedure (Brown and Jenkins 1968). However, this is actually a 

misnomer because with this procedure no responses are reinforced or “shaped”. The ability of 

reward cues to elicit sign-tracking behavior has now been documented in a variety of species 

including birds, fish, primates, mice, rats, dogs and humans (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; Zener 1937). Importantly, sign-tracking behavior is 

not maintained by accidental reinforcement or superstitious behavior and is not due to stimulus 

substitution (Boakes 1977; Flagel et al. 2009; Harris et al. 2013; Holland 1977; Hollis 1982; 

Killeen 2003; Lajoie and Bindra 1976; Locurto et al. 1976; Timberlake and Grant 1975; 

Timberlake and Lucas 1985; Williams and Williams 1969).  
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Conditioned reinforcement 

 Secondly, incentive stimuli become desired (“wanted”) and are sought after, in the sense 

that individuals will work for them. Put another way, incentive stimuli can serve as conditioned 

or secondary reinforcers. This feature of an incentive stimulus serves to support behavior over 

delays in reinforcement, maintain behavior in the absence of reward, and support the acquisition 

of new instrumental responding or instrumental chains (Fantino 1977; Fantino 2008; Hull 1943; 

Kelleher and Gollub 1962; Mackintosh 1974). In the lab, the ability of a cue to serve as a 

conditioned reinforcer is often measured by whether the cue will reinforce instrumental 

responding in the absence of any reward, such as in traditional extinction-reinstatement self-

administration paradigms (for review see Nair et al. 2009; Shaham et al. 2003). A more stringent 

test of the ability of a cue to serve as a conditioned reinforcer is the ability of animals to acquire 

a novel instrumental response that has not previously been associated with reward (Mackintosh 

1974). 

Conditioned motivation 

 Finally, incentive stimuli acquire the ability to arouse a state of conditioned motivation 

that spurs reward seeking or energizes ongoing reward seeking behavior (Bindra 1968; Cardinal 

et al. 2002; Milton 2012; Milton and Everitt 2010). This feature of an incentive stimulus has 

traditionally been measured by Pavlovian-to-instrumental transfer (PIT) procedures (Estes 1943; 

1948; Holmes et al. 2010; Lovibond 1983; Talmi et al. 2008). In a typical PIT experiment 

individuals first undergo Pavlovian training where a cue is paired with non-contingent reward 

delivery (i.e., no response is necessary to receive reward). Next, individuals undergo an 

instrumental training phase where they learn to perform an instrumental action (e.g., make a 

lever press) to earn a reward. Finally, during the test phase, instrumental responding is assessed 
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(usually under extinction conditions) during non-contingent presentation of the previously 

Pavlovian conditioned cue. Generally, presentation of the Pavlovian cue increases the rate or 

“vigor” of instrumental responding for the reward and this is thought to reflect a state of 

conditioned motivation (Bindra 1968; Holmes et al. 2010; Milton and Everitt 2010). In addition 

to invigorating an ongoing response, non-contingent cue presentations can also evoke seeking 

responses (Barker et al. 2012; Deroche-Gamonet et al. 2002). 

Drug cues as incentive stimuli 

 The ability of incentive stimuli to motivate behavior is highly adaptive as they increase 

the likelihood that an animal will acquire rewards that are necessary for survival (e.g., food and 

water) and for propagation of the species (e.g., a receptive sexual partner). However, incentive 

stimuli can also motivate maladaptive behavior. For example, on a daily basis we all encounter 

cues, such as a Starbucks or McDonalds sign, that signal the availability of high-fat and sugary 

foods. Encounters with these types of cues can arouse motivation and contribute to over-eating 

and obesity (Berridge et al. 2010; Cornell et al. 1989; Jansen 1998). The idea that incentive 

stimuli can also contribute to disorders such as addiction, motivating continued drug use and also 

instigating relapse, has a long history. Indeed, Stewart et al. (1984) argued that the “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” (p. 251). It is, 

“the drug itself, or presentation of a stimulus previously paired with the drug, [that] acts to create 

a motivational state that facilitates drug-seeking behavior” (p. 256). There are now several 

theories of addiction that emphasize the importance of drug-associated cues (Di Chiara 1998; 

Milton and Everitt 2010; Robinson and Berridge 1993; Tomie 1996). 
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 Milton and Everitt (2010) recently conceptualized the ability of drug cues to acquire 

properties of an incentive stimulus, and thus motivate behavior, in what they termed the “three 

routes to relapse” (Fig. 1.1, adapted from Milton and Everitt 2010). First, drug cues can attract 

attention, eliciting approach behavior towards locations where drugs will be found or towards 

devices used for drug delivery (also see Tomie 1996). Second, drug cues can act as conditioned 

reinforcers that can reinforce actions leading to the procurement of drugs, maintain drug-seeking 

behavior even when drug is not available, and reinstate extinguished drug-seeking behavior. 

Lastly, drug cues can evoke a state of conditioned motivation that can maintain ongoing drug-

seeking and –taking behaviors and during a period of abstinence, instigate relapse. Thus, the 

ability of drug cues to act as incentive stimuli contribute to both continued drug use and relapse. 

It is important to note that while each of these properties of an incentive stimulus relies on 

dissociable psychological and neurobiological systems (Cardinal et al. 2002), and can be studied 

in isolation in the laboratory, they likely act in concert in the real world of addicts to promote 

relapse (Milton and Everitt 2010).      

Conditioned approach 

 While there is now considerable evidence that food cues can be imbued with incentive 

salience, acquiring the ability to elicit approach (sign-tracking) towards them (Brown and 

Jenkins 1968; Davey and Cleland 1982; Hearst and Jenkins 1974), it has been less clear whether 

drug cues also support approach behavior. Tomie (1996) was amongst the first to point out that 

one reason that drug paraphernalia (e.g., needles, pipes, glassware, etc.) are problematic in the 

context of addiction is because these objects become attractive and facilitate approach and 

engagement, leading to continued drug use. However, initial attempts to demonstrate sign-
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tracking to a cue associated with an intravenous (IV) injection of cocaine were unsuccessful 

(Kearns and Weiss 2004). This led Everitt and Robbins (2005) to speculate that, 

“it might logically be thought that Pavlovian approach is involved in 

maladaptively attracting humans towards sources of addictive drug 

reinforcers…as emphasized in the incentive salience theory of addiction. 

However…approach to a CS predictive of a drug…has [not] been clearly 

demonstrated in laboratory studies…although…[it] is readily seen in animals 

responding for natural rewards. It may be that the experimental conditions for 

demonstrating [this] phenomena in a drug seeking setting have not yet been 

optimized, but it may also be that the behavioral influence of CSs associated with 

drugs and natural reinforcers differ fundamentally in this regard” (p. 1482). 

 

However, there have now been several reports, from several different labs and using drugs from 

a variety of different classes, that rats will approach a cue associated with drug delivery. For 

example, Tomie (2001) was the first report that rats would approach a cue associated with either 

an ethanol/saccharin or an amphetamine/saccharin solution. However, both of these studies 

utilized sweetened drug solutions and it was unclear, despite a number of controls, whether 

approach to the CS was driven by its association with the drug or with the sweet solution. Krank 

et al. (2008) recently followed up on Tomie’s original studies and found that rats would also 

approach a cue associated with an unsweetened ethanol solution, supporting the notion that drug 

cues can elicit approach behavior. It wasn’t until several years after the report of Kearns and 

Weiss (2004), that Uslaner et al. (2006) successfully demonstrated conditioned approach to a cue 

associated with an IV infusion of cocaine. Uslaner et al. (2006) suggested that the reason that 

Kearns and Weiss (2004) failed to show sign-tracking to a cocaine cue was because of issues 

with their training parameters. Kearns and Weiss (2004) used a very short inter-trial interval 

(average of 90 s between trials) and, unlike food, the neurobiological and interoceptive effects of 

cocaine last for a long period of time (at least longer than 90 s). It is therefore likely that upon 

subsequent CS-US pairings rats were still experiencing the effects of the previous injection, 
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making the rats’ ability to form an association between the CS and the US difficult. In fact, 

Kearns and Weiss (2004) reported that their animals displayed signs of cocaine-induced 

stereotypy, which would make approach to the cocaine cue nearly impossible. There have now 

been several reports, all using longer inter-trial intervals, with drugs from different drug classes, 

including psychostimulants and opioids, that rats will also approach a cue associated with an IV 

drug injection (Aragona et al. 2009; Flagel et al. 2010; Madsen and Ahmed 2014; Peters and De 

Vries 2013; Yager and Robinson 2013). It remains to be seen whether conditioned approach is 

also observed in response to another highly abused drug, nicotine. This question will be explored 

in Chapter 4. 

Conditioned reinforcement 

 Drug-associated cues also acquire the ability to act as conditioned reinforcers and this 

contributes to self-administration behavior in both humans and non-human animals. One reason 

drug-associated conditioned reinforcers are thought to contribute to persistent drug use is 

because of their ability to maintain drug-seeking behavior over long periods of time, even when 

drug is not available. This is often studied in the lab using second-order schedules of drug 

delivery, where responses are reinforced by presentation of the drug cue before any drug delivery 

(Arroyo et al. 1998; Everitt and Robbins 2000; Goldberg 1973; Goldberg and Tang 1977; Katz 

1979; Schindler et al. 2002). Responding under this schedule can be maintained by very few, or 

even single, drug infusions over an extended period of time (Goldberg and Tang 1977; Spear and 

Katz 1991). Drug cues can also support the acquisition of multi-operant sequences or complex 

behavioral chains leading to drug reward (Olmstead et al. 2000; Thompson and Pickens 1969; 

Thompson and Schuster 1964). Perhaps an even more powerful demonstration of the ability of 

drug cues to serve as conditioned reinforcers is that animals will learn a novel instrumental 
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response to earn presentation of the drug cue alone (Bertz and Woods 2013; Davis and Smith 

1976; Di Ciano and Everitt 2004; Palmatier et al. 2007) and this response is resistant to 

extinction- the drug cue alone can support responding for up to two months (Di Ciano and 

Everitt 2004). Furthermore, drug associated cues are important for maintaining self-

administration behavior; removal of the cue drastically diminishes self-administration behavior 

even when drug is still available (Caggiula et al. 2001; Schenk and Partridge 2001). Finally, the 

ability of drug cues to act as conditioned reinforcers has been demonstrated many times by self-

administration studies where a drug associated cue can reinstate extinguished drug-seeking 

behavior (de Wit and Stewart 1981; Nie and Janak 2003; See 2002; Shaham et al. 2003). Even 

cues associated with cocaine in just one self-administration session can increase cocaine seeking 

behavior a year later (Ciccocioppo et al. 2004). 

Conditioned motivation 

 Lastly, drug cues can motivate drug-seeking behavior by eliciting a state of conditioned 

motivation or desire. In humans, this conditioned motivational state is often referred to as 

craving and can be measured by either implicit or subjective measures of desire or craving 

(Carter and Tiffany 1999; Hester et al. 2006; Rosenberg 2009). As mentioned previously, PIT 

procedures are typically used in non-human animals to assess cue-evoked incentive motivation. 

While there have been many demonstrations of PIT using natural rewards, few studies have 

attempted to use this procedure with a drug reward. The majority of studies to date that have 

used PIT to measure conditioned motivation have only used orally administered alcohol as the 

reward (Corbit and Janak 2007; Glasner et al. 2005; Krank 2003). It wasn’t until recently that 

LeBlanc et al. (2012)  expanded on this work and demonstrated successful transfer during the 

PIT test when using IV cocaine as the reward. It is also interesting to note that LeBlanc et al. 
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(2012) trained animals to self-administer cocaine using a two-action, seeking-taking chain. In 

this procedure rats must first respond on the “seeking” lever to gain access to the “taking” lever. 

Responses on the “taking” lever results in cocaine delivery. They found that during the PIT test 

presentation of the cocaine-cue increased responding during both the seeking and taking parts of 

the behavioral chain, suggesting that drug cues contribute to both the motivation to acquire and 

consume drugs. 

Individual variation in the extent to which a food cue acquires properties of an incentive 

stimulus 

 While reward cues can acquire incentive motivational properties, and thus motivate 

behavior, there is considerable individual variation in the extent to which reward-associated cues 

can influence behavior (Barker et al. 2012; Beaver et al. 2006; Flagel et al. 2009; Mahler and de 

Wit 2010; Meyer et al. 2012a; Robinson and Flagel 2009; Saunders and Robinson ; Schachter 

1968; Tomie et al. 2000). Next, I will review a series of studies that address the topic of 

individual variation in the propensity of animals to attribute incentive salience to food cues.     

Conditioned approach 

 Zener (1937) was the first to systematically describe individual variation in the extent to 

which a food cue could become attractive and elicit approach. Using a procedure that was nearly 

identical to the classic studies conducted by Pavlov (1927), Zener (1937) paired the ringing of a 

bell (the CS) with food delivery (the US). However, unlike in most of Pavlov’s studies, the dogs 

in Zener’s experiment were not restrained. Zener (1937) reported that after training some dogs 

responded to presentation of the CS with a “small but definite movement of approach toward the 

conditioned stimulus… followed by a backing up later to a position to eat.” Other dogs, however, 

would make “an initial glance at the bell” followed by “a constant fixation …to the food pan…” 
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(p. 391). There were also dogs that would vacillate their response, looking back and forth 

between the bell and the food pan.  

 After the initial work by Zener (1937), little attention was paid to individual variation in 

the topography of conditioned responses evoked by conditioned stimuli. It wasn’t until 40 years 

later that Boakes (1977) described similar individual variation in rats. Boakes (1977) used a 

standard Pavlovian conditioning procedure where illumination of a lever (the CS) was paired 

with non-contingent delivery of a food pellet (the US). Similar to what Hearst and Jenkins (1974) 

had reported, Boakes found that upon illumination of the lever, some rats approached and 

engaged with the lever. Following the precedent set by Hearst and Jenkins (1974), Boakes 

referred to this CS-elicited approach to the cue, or sign, as a sign-tracking (ST) response. 

However, Boakes also found that some rats did not approach the lever, but instead presentation 

of the CS elicited approach to where the food would later be delivered and he referred to this as a 

goal-tracking (GT) response (Boakes 1977). Additionally, Boakes (1977) conducted several 

follow-up studies to determine what variables might affect behavior during autoshaping (i.e., 

variability of reward delivery, motivation level). He found that decreasing the probability of a 

trial being rewarded produced more sign-tracking behavior (see also Anselme et al. 2013) and 

that varying the level of food deprivation had no effect on either sign- or goal-tracking behavior. 

 In a series of recent studies we expanded on this early work by Boakes and others, and 

characterized individual variation in the ability of a food cue to elicit either a sign-tracking or 

goal-tracking response in a population of over 4,000 rats (Fig. 1.2;  Fitzpatrick et al. 2013; Flagel 

et al. 2007; Lovic et al. 2011; Meyer et al. 2012a; Morrow et al. 2011; Paolone et al. 2013; 

Robinson and Flagel 2009; Saunders and Robinson 2010; 2011; Saunders and Robinson 2012; 

Saunders et al. 2013; Yager and Robinson 2010). Based on these studies, it is clear that both STs 
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and GTs learn the CS-US association, and do so at a similar rate, as the CS reliably evokes an 

approach CR in both - the conditioned approach response is just directed at different locations 

(Robinson and Flagel 2009). Importantly, the difference in approach behavior between STs and 

GTs is not due to general differences in the ability to learn, as there are no differences between 

groups in learning a variety of tasks including fear conditioning and instrumental responding for 

both food and drug rewards (Morrow et al. 2011; Robinson and Flagel 2009; Saunders and 

Robinson 2010; Yager and Robinson 2010). Additionally, if the food cue is not explicitly paired 

with food delivery, rats do not learn either a ST or GT CR (Flagel et al. 2010; Lomanowska et al. 

2011; Robinson and Flagel 2009). 

What could account for differences in approach behavior? We have suggested that 

variation in the conditioned approach response is due to variation in the propensity to attribute 

incentive salience to reward cues and thus in the ability of reward cues to acquire properties of 

an incentive stimulus (Flagel et al. 2009; Meyer et al. 2012b; Robinson and Flagel 2009; 

Robinson et al. 2014). There are in fact several lines of evidence to suggest that the propensity to 

attribute incentive salience to reward cues represents a complex psychological trait (Meyer et al. 

2012a). First, like many traits, the ST/GT behavioral phenotypes are heritable. Flagel et al. 

(2010) found that a rat line selectively bred for their locomotor response to a novel environment 

also varied in their propensity to attribute incentive salience to reward cues. As it turns out, when 

using food as the US, rats that showed high locomotor activity to a novel environment (bred 

high-responder rats, bHRs) were almost exclusively STs and rats that showed low locomotor 

activity to a novel environment (bred low-responder rats, bLRs) were almost exclusively GTs. 

The bHR/ST and bLR/GT phenotypes have continued to be selected together across many 

generations (Flagel et al. 2011b; Flagel et al. 2010) and the behavioral phenotypes of these 
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animals can be predicted prior to any Pavlovian training based on their breeding history. 

Additionally, after screening such a large population of rats, we began to notice a trend in the 

distribution of ST and GT CRs depending on which supplier, and even which colony within a 

supplier, we obtained the rats from. Recently, Fitzpatrick et al. (2013) analyzed the approach 

CRs of rats obtained from two commercial supplies, Harlan Laboratories and Charles River. 

They found that rats from Harlan are more likely to display a ST CR while rats from Charles 

River are more likely to display a GT CR. They also explored whether there were genetic 

differences between colonies, and found that colonies that were more genetically similar to one 

another were also more phenotypically similar. These data suggest that there are underlying 

genetic differences relating to the ST/GT phenotypes. Unfortunately, we do not know what 

specific genetic differences contribute to the ST/GT phenotypes and this remains an open field of 

questioning. Second, the ST/GT phenotypes can be influenced by environmental factors. For 

example, Lomanowska et al. (2011) showed the early life adversity (depravation of early life 

social experience) increased the proportion of STs in the population while Beckmann and Bardo 

(2012) reported that environmental enrichment shifted conditioned approach behavior towards 

goal-tracking. Therefore, like many psychological traits, these behavioral phenotypes are 

susceptible to gene by environment interactions. Third, there are biological differences between 

these behavioral phenotypes. For example, there are differences in the stress response of STs and 

GTs (Flagel et al. 2009) and there are differences in the dopamine system (see below for further 

discussion of this point). Finally, these phenotypes are stable over long periods of time 

(Robinson and Flagel 2009). Given that STs tend to approach reward cues because of a 

propensity to attribute incentive salience to such cues, we have asked whether variation in 
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conditioned approach predicts variation in the extent to which reward cues acquire other features 

of an incentive stimulus. 

Conditioned reinforcement 

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

sense that they will reinforce actions to obtain them. Following the logic that CSs acquire 

properties of an incentive stimulus to a greater extent in STs than GTs, a CS should also be a 

more effective conditioned reinforcer in STs than in GTs. Indeed, we have shown that the food 

cue used during Pavlovian conditioning, which elicits approach towards it in STs but not in GTs, 

is a more effective conditioned reinforcer in STs than in GTs (Lomanowska et al. 2011; Meyer et 

al. 2012a; Robinson and Flagel 2009). Furthermore, I have also shown that a cue associated with 

food delivery in an instrumental task is more effective in reinstating food-seeking behavior, 

following extinction, in STs than GTs (Yager and Robinson 2010). Thus, a food-associated cue 

is both more attractive and more desired in STs than in GTs. 

Conditioned motivation 

 While there is now considerable evidence for individual variation in the ability of food 

cues to attract and to serve as conditioned reinforcers, little is known about variation in the 

ability of a food cue to elicit a conditioned motivational state and thus motivate or spur behavior. 

As mentioned above, the ability of a cue to generate a conditioned motivational state is usually 

assessed using PIT. PIT experiments typically utilize an auditory stimulus during Pavlovian 

conditioning to avoid response competition during the PIT test because presentation of a 

localizable stimulus, such as a lever or light, would draw some individuals towards the cue thus 

competing with the instrumental portion of the task (Holmes et al. 2010; Tomie 1996). However, 

attempting this experiment in STs and GTs has been difficult because both STs and GTs attribute 
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incentive salience to an auditory cue (Meyer et al. 2014). While we have not performed a PIT 

experiment in STs and GTs, one recent study showed that mice vary in the extent to which a 

food-associated cue can invigorate food-seeking behavior in a PIT paradigm (Barker et al. 2012). 

Thus, it is likely that there is also large individual variation in the ability of a food cue to elicit a 

conditioned motivational state. 

Individual variation in the extent to which discrete drug cues acquire properties of an 

incentive stimulus 

 While almost every person will try a potentially addictive substance at some point in their 

lives, only a small portion of individuals will ever become addicted (Anthony et al. 1994). We 

have suggested that this may be due, in part, to variation in the degree to which drug cues can 

gain motivational control over behavior. Here, I will review a series of studies where we 

investigated whether rats prone to attribute incentive salience to a food cue are also prone to 

attribute incentive salience to discrete drug cues. 

Conditioned approach 

 Uslaner et al. (2006) were the first to report that a cue paired with an IV injection of 

cocaine is capable of eliciting an approach response (a ST CR). There was, however, 

considerable individual variation in the degree to which the cocaine cue became attractive. This 

individual variation may be due to differences in the propensity to attribute incentive salience to 

reward cues. To address this issue, Flagel et al. (2010) decided to take advantage of the bHR/ST 

and bLR/GT selectively-bred rat lines since their behavioral phenotypes were known without 

having to subject the rats to Pavlovian conditioned approach training. Flagel et al. (2010), using 

the selectively-bred rats as subjects, paired the presentation of a lever with an IV infusion of 

cocaine and measured approach responses. They reported that bHR/STs developed a sign-
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tracking CR to a cue associated with an IV cocaine infusion whereas bLR/GTs did not. While 

this study was informative, it is also important to determine whether this effect is the same in 

outbred rats as there is no correlation between locomotor response to a novel environment and 

ST/GT behavior in outbred Sprague-Dawley rats (Beckmann et al. 2011; Robinson and Flagel 

2009). Additionally, it was unclear whether bLR/GTs did not readily approach the cocaine cue 

because they did not attribute incentive salience to it or because they failed to learn the CS-US 

association. These issues are addressed in Chapter 2. 

Conditioned Reinforcement 

As mentioned above, we have reported in a number of different studies, and using 

different procedures, that a food cue is a more effective conditioned reinforcer in STs than in 

GTs (Lomanowska et al. 2011; Meyer et al. 2012a; Robinson and Flagel 2009; Yager and 

Robinson 2010). Thus, the next step was to determine whether a drug cue was also a more 

effective conditioned reinforcer in rats prone to attribute incentive salience to a food cue.  

Saunders and Robinson (2010) first demonstrated individual variation in the conditioned 

reinforcing properties of a cocaine cue using a traditional drug self-administration procedure 

where instrumental responding resulted in delivery of both a light cue and cocaine. They found 

that after extinction training, STs made significantly more responses just for presentation of the 

cocaine cue than GTs. Furthermore, they also found that the cocaine cue was more important in 

maintaining self-administration behavior in STs than in GTs- removal of the cocaine cue 

drastically diminished self-administration behavior in STs, but not in GTs, even though cocaine 

was still available (Saunders and Robinson 2010). Additionally, Meyer et al. (2012b) reported 

similar findings when using a modified conditioned place preference procedure. In this 

procedure one tactile floor cue was paired with non-contingent cocaine injections while another 
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tactile floor cue was paired with saline injections. Meyer et al. (2012b) found that on the test day, 

when rats had access to both floors, STs spent significantly more time on the cocaine-associated 

floor than GTs. This effect was most likely due to the ability of the cocaine-associated floor to 

reinforce actions to maintain contact with it (i.e., the floor served as a conditioned reinforcer). 

Together these data suggest that cues associated with cocaine acquire incentive motivational 

properties to a greater degree in STs than in GTs, at least when assessed by conditioned 

reinforcement in the absence of any drug. Interestingly, these results are in line with a recent 

study by Barker et al. (2012). Barker et al. (2012) used a PIT paradigm to identify mice that 

attributed high or low levels of incentive salience to a food cue. They found that mice with the 

highest cue-motivated behavior during PIT showed the greatest cue-induced reinstatement of 

alcohol seeking. Thus, different measures of attribution of incentive salience to a food cue 

predict the extent to which a drug cue can serve as a conditioned reinforcer. 

Conditioned Motivation 

 As mentioned previously, it is technically challenging to conduct a traditional PIT 

experiment in STs and GTs. To avoid the problems associated with a typical PIT experiment, 

Saunders et al. (2013) modified a conflict-based relapse model developed by Cooper et al. (2007) 

to measure the ability of a cocaine cue to produce a state of conditioned motivation that spurs 

drug-seeking behavior in the face of adverse consequences. In this procedure rats were first 

trained to self-administer cocaine, and cocaine injections were paired with illumination of the 

nose-poke port (the CS). Once rats were stably self-administering, the adverse consequence was 

imposed and they now had to make a choice: overcome the adverse consequence (footshock) to 

obtain drug or abstain. Once the cost was high enough, all rats abstained from taking drug. Then, 

on test day, the ability of non-contingent presentation of the cocaine cue to motivate or spur 
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behavior even in the continued presence of the adverse consequence was measured. Saunders et 

al. (2013) found that non-contingent presentation of the cocaine cue was more effective in 

arousing a state of conditioned motivation, and thus spurring drug-seeking behavior, to a greater 

degree in STs than in GTs or an unpaired control group.  

Neural circuitry underlying individual variation in the attribution of incentive salience to 

reward cues  

Neural circuitry mediating conditioned approach behavior 

 Currently, the underlying neurobiological differences accounting for individual variation 

in the attribution of incentive salience to food and drug cues are not well understood. To date, the 

focus has mainly been on differences in the dopamine (DA) system as there is considerable 

evidence that the DA system is involved in the assignment of incentive value to rewards and 

their associated stimuli (Berridge 2012; Berridge and Robinson 1998; Cardinal et al. 2002). For 

example, conditioned approach to either a food or drug associated cue is associated with 

dopamine release within the nucleus accumbens (Aragona et al. 2009; Day et al. 2007). 

Furthermore, lesions of the nucleus accumbens, which receives dense dopamine projections from 

the ventral tegmental area, as well as depletion of dopamine within the nucleus accumbens 

impairs acquisition of a conditioned approach CR (Chang et al. 2012; Dalley et al. 2002; 

Parkinson et al. 2002; Parkinson et al. 1999b). 

 As it turns out, STs and GTs differ on several measures of DA function. For example, the 

acquisition of a ST CR is dopamine-dependent whereas the acquisition of a GT CR is not (Danna 

and Elmer 2010; Flagel et al. 2011b). Furthermore, Flagel et al. (2011b) measured DA release 

within the nucleus accumbens core over the course of Pavlovian training with food as the US and 

found that there is a transfer of a phasic DA signal from the food-US to the lever-CS in STs but 
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not in GTs. Additionally, expression of a learned ST CR is dependent on intact DA signaling 

within the accumbens core whereas a GT CR is not (Saunders and Robinson 2012). STs also 

show greater expression of dopamine D1 receptor mRNA in the nucleus accumbens initially and 

lower levels of DA transporter and tyrosine hydroxylase in the ventral tegmental area and D2 

mRNA in the nucleus accumbens relative to GTs following Pavlovian conditioned approach 

training (Flagel et al. 2007). Together these studies provide evidence that differences in DA 

signaling account for at least some of the behavioral differences observed in response to 

classically conditioned food cues; it remains to be seen whether the same is true of classically 

conditioned drug cues.  

Individual variation in the engagement of brain reward systems by food and drug cues 

 Studies in both humans (using imaging techniques) and non-human animals (using 

immediate early gene expression) have shown that food and drug associated cues engage 

overlapping neural systems (Cardinal and Everitt 2004; Childress et al. 1999; Jentsch and Taylor 

1999; Kelley 2004; Kelley et al. 2005; Kufahl et al. 2009; Schiltz et al. 2007; Schroeder et al. 

2001; Tang et al. 2012; Volkow et al. 2008b; Zombeck et al. 2008). For example, presentation of 

food and drug cues engage brain regions such as the prefrontal cortex, dorsal and ventral 

striatum, thalamus, habenula, amygdala, ventral pallidum, and ventral tegmental area. These 

structures are located within the mesocorticolimbic dopamine pathway and other cortico-striatal-

thalamic loops and comprise a so-called “motive circuit” (Kalivas and Volkow 2005). Activation 

of this “motive circuit” is associated with cue-induced drug craving in humans (Childress et al. 

1999; Grant et al. 1996) and reinstatement of drug-seeking behavior in animal models of relapse 

(Kufahl et al. 2009; Zavala et al. 2008; Zhou et al. 2013). Even reward cues presented outside 

conscious awareness can engage brain reward pathways (Childress et al. 2008). However, as 
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mentioned above, reward cues acquire predictive value and, in some cases, can also acquire 

motivational value.  

 One recent study from our lab explored individual variation in the ability of a food cue to 

engage brain reward systems. Flagel et al. (2011a) used in situ hybridization to measure c-fos 

mRNA expression throughout the brains of STs and GTs after presentation of the food cue used 

during Pavlovian training. They found that presentation of the food cue induced greater c-fos 

mRNA expression in the orbitofrontal cortex, dorsal striatum, nucleus accumbens core and shell, 

lateral septum, lateral habenula, and the paraventricular, intermediodorsal, and central medial 

nuclei of the thalamus in STs relative to GTs or an unpaired control group. Furthermore, there 

were differences between STs and GTs in the degree to which c-fos mRNA expression was 

correlated between brain regions. For example, GTs were the only group to show a correlation 

between cortical and subcortical structures. These data suggest that in order for a food cue to 

engage brain reward systems it must be imbued with incentive salience – predictive value alone 

is not sufficient. This study provides evidence that food cues engage brain reward circuitry to a 

different degree in STs and GTs and it remains to be seen whether the same is true of drug cues, 

a topic that will be addressed in Chapter 3.   

Summary of current studies 

While there is now considerable evidence for individual variation in the extent to which a 

classically conditioned (Pavlovian) food cue is attributed with incentive salience, there is much 

less information concerning individual variation in the extent to which classically conditioned 

drug cues acquire incentive motivational properties. Prior to the work presented in this 

dissertation, there had only been one study assessing individual variation in the ability of a 

classically conditioned drug cue to acquire properties of an incentive stimulus, and they only 
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explored one property- the ability to attract (Flagel et al. 2010). The goals of this dissertation are 

twofold: 1) To determine whether the propensity of some animals to attribute incentive salience 

to a food cue predicts the ability of classically conditioned drug cues to control and motivate 

behavior. Additionally, in the past we have only examined one drug – cocaine – and here I will 

expand these findings to determine the generalizability of this phenomenon to other drug classes. 

2) To examine the differences in the extent to which food and drug cues that are predictive vs. 

ones that also acquire incentive motivational properties engage brain reward systems. Thus, the 

overall aim of this dissertation is to explore the influences of Pavlovian conditioned drug cues on 

brain and behavior. 

Chapter 2: A classically conditioned cocaine cue acquires greater control over motivated 

behavior in rats prone to attribute incentive salience to a food cue 

 Previous work has shown that a cocaine cue acquires greater control over self-

administration behavior and produces more robust reinstatement of drug-seeking behavior (after 

extinction) in STs than GTs (Saunders and Robinson 2010). However, in this study, as in most 

studies of drug reinstatement, the cocaine cue acquired its motivational properties in an 

instrumental (self-administration) setting and there are many complex interacting psychological 

processes that contribute to behavior in an instrumental setting (Cardinal et al. 2002). While 

stimuli associated with drug self-administration do acquire incentive motivational properties, 

serving as conditioned reinforcers (Di Ciano and Everitt 2004) and spurring behavior (LeBlanc 

et al. 2012; Shaham et al. 2003), it is also important to determine whether purely Pavlovian drug 

cues can similarly motivate behavior, as these stimuli may be potent instigators of relapse in 

addicts. Thus, in this chapter (Yager and Robinson 2013), I investigated the extent to which a 

cocaine cue acquired incentive motivational properties when the cue is associated with cocaine 
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administration using classic Pavlovian conditioning procedures. I asked whether STs and GTs 

differed in the extent to which a classically conditioned cocaine cue came to (1) elicit approach 

towards it and (2) the degree to which it became itself desired, in that it reinforced actions to get 

it, using an extinction-reinstatement procedure.  

Chapter 3: A classically conditioned opioid cue acquires greater control over motivated 

behavior and induces greater Fos protein expression in rats prone to attribute incentive salience 

to a food cue 

 Opiates are another class of drugs that are highly abused and readily self-administered by 

both humans and animals. Peters and De Vries (2013) recently reported that rats approached a 

cue associated with delivery of the opioid, heroin (see also Madsen and Ahmed 2014). There 

was, however, considerable individual variation in this response. The first aim of this chapter 

was to determine whether the extent to which an opioid cue is attractive (conditioned approach) 

and desired (conditioned reinforcement) is predicted by the propensity of an individual to 

attribute incentive salience to a food cue. The second aim of this chapter was to begin to explore 

whether the neural correlates underlying individual variation in the attribution of incentive 

salience to reward cues are similar between natural (food) and drug (opioid) associated cues. I 

first conducted a microinjection study where I administered the nonselective dopamine receptor 

antagonist flupenthixol into the nucleus accumbens (NAc) core to determine whether dopamine 

transmission within this structure is necessary for conditioned approach to an opioid cue. Next, I 

took a more broad approach and examined which brain regions within the mesocorticolimbic and 

cortico-striatal-thalamic systems were engaged by classically conditioned food and opioid cues. I 

further examined whether the degree to which these brain regions were engaged varied in 

animals for whom cues act as potent incentive stimuli (STs) relative to those for whom cues are 
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relatively devoid of incentive motivational properties (GTs). To do this, I used Fos protein 

expression as a marker of neural activity and quantified the extent to which presentation of either 

a food or an opioid cue elicited Fos expression throughout the brains of STs, GTs, and an 

Unpaired control group.  

Chapter 4: A nicotine cue is equally attractive to sign-trackers and goal-trackers but differs in 

its conditioned reinforcing properties 

While there is now evidence that rats will approach cues associated with alcohol, the 

opioid heroin, and the psychostimulant cocaine (Aragona et al. 2009; Krank et al. 2008; Madsen 

and Ahmed 2014; Peters and De Vries 2013; Tomie 2001; Uslaner et al. 2006), it remains to be 

seen whether this is also true for another highly abused drug: nicotine. My initial work (Yager 

and Robinson 2013) showed that rats that attribute incentive salience to a food cue also found a 

cocaine cue both attractive and desirable. Here, I asked whether there is similar variation in the 

extent to which a cue associated with intravenous nicotine delivery acquires the properties of an 

incentive stimulus. I asked whether STs and GTs differed in the extent to which 1) the nicotine 

cue became attractive by measuring conditioned approach and, 2) the extent to which the 

nicotine cue was desired, by measuring whether animals would learn an instrumental response 

(nose-poke) for presentation of the nicotine cue alone.  
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Figure 1.1. The “three routes to relapse”. Adapted from Milton and Everitt (2010). Schematic 

representation of how Pavlovian conditioned stimuli associated with drugs can instigate relapse 

behavior in addicts. In the original, the term “conditioned stimulus” was used and here, we 

substituted “incentive stimulus”. 
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Figure 1.2. Variation in sign- vs. goal-tracking behavior in a large sample of the population 

(N =4149). A score of 1.0 reflects a complete bias for interaction with the lever-CS, and a score 

of -1.0 reflects complete bias for interaction with the food cup during lever-CS presentation. We 

operationally define STs as rats with a response bias of 0.5 to 1.0 and GTs as rats with a response 

bias of -1.0 to -0.5 (i.e., these subgroups are twice as likely to interact with either the CS or food 

tray, respectively). Rats with scores of -0.5 to 0.5 variably exhibit both ST and GT behavior.
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Chapter 2 

A classically conditioned cocaine cue acquires greater control over motivated behavior in 

rats prone to attribute incentive salience to a food cue 

Introduction 

There is considerable individual variation in the extent to which cues associated with 

rewards acquire motivational control over behavior (Boakes 1977; Johnson 1974; Mahler and de 

Wit ; Robinson and Flagel 2009; Schachter 1968; Tomie et al. 2000). In a series of studies using 

food as the unconditioned stimulus (US), we have shown that only in some rats ("sign-trackers", 

STs; Hearst and Jenkins 1974) does a food cue itself (conditioned stimulus, CS) become 

attractive, eliciting approach and engagement with it, and “wanted”, in the sense that animals 

will work to get it (Robinson and Flagel 2009). In other rats ("goal-trackers", GTs; Boakes 1977) 

the cue evokes a conditioned response (CR), but the CR consists of approach behavior directed 

towards the location where food will be delivered, rather than towards the food cue itself, and in 

GTs a food cue is a less effective conditioned reinforcer (Robinson and Flagel 2009). We have 

suggested that this phenotypic variation is due, at least in part, to intrinsic individual variation in 

the propensity to attribute incentive motivational properties (incentive salience) to reward cues 

(Flagel et al. 2009; Flagel et al. 2011b; Meyer et al. 2012a; Robinson and Flagel 2009; Saunders 

and Robinson 2010; Yager and Robinson 2010).  

Although there is now considerable evidence for individual variation in the extent to 

which a classically conditioned food cue is attributed with incentive salience, there is much less 
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information concerning individual variation in the extent to which drug cues acquire incentive 

motivational properties. We previously reported that a cocaine cue produces greater 

reinstatement of drug-seeking behavior (after extinction) in STs than GTs (Saunders and 

Robinson 2010), but in that study, as in most studies on drug reinstatement, the cocaine cue 

acquired its motivational properties in an instrumental (self-administration) setting (See 2005 for 

review). Although drug cues may reinstate drug-seeking behavior whether the cue was 

associated with drug administration in either an instrumental setting (i.e., contingent upon an 

action) or a Pavlovian setting (independent of an action) (Kruzich et al. 2001; See 2005) these 

may involve different psychological and even neurobiological processes (Cardinal et al. 2002; 

Everitt et al. 2001; Parkinson et al. 1999b). One purpose of the experiments reported here, 

therefore, was to determine if STs and GTs differ in the extent to which a cocaine cue acquires 

incentive motivational properties when the cue is associated with cocaine administration using 

classic Pavlovian conditioning procedures; i.e., independent of any action. We assessed two 

different properties of an incentive stimulus (Cardinal et al. 2002): (1) the extent to which it 

comes to elicit approach towards it (Uslaner et al. 2006), and (2) the degree to which the cue 

reinforces actions to get it, using an extinction-reinstatement procedure (Kruzich et al. 2001). In 

addition to measuring conditioned approach behavior we also quantified a second CR, 

conditioned orienting behavior, which may not require that the cue be attributed with incentive 

salience (Saunders and Robinson 2012). This allowed us to assess if rats learned the CS-US 

association, even if the CS failed to elicit approach into close proximity with it. 
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Materials and Methods 

Subjects 

A total of 207 (Exp. 1 initial N = 111, Exp. 2 initial N = 96) male Sprague-Dawley rats (Harlan, 

Haslett, Michigan) weighing 250-275g upon arrival were individually housed in a climate-

controlled colony room on a 12-hr light/12-hr dark cycle (lights on at 0800 hr). Food and water 

were available ad libitum. After arrival, rats were given 1 week to acclimate to the colony room 

before testing commenced. All experiments followed the principles of laboratory animals care 

specified by Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral 

Research National Research Council (2003).  

Pavlovian training using food as the US 

A summary of the experimental design is shown in Figure 2.1. 

Pavlovian training procedure. Rats were initially trained using a Pavlovian conditioned approach 

(PCA) procedure and equipment described previously (Flagel et al. 2007; Saunders and 

Robinson 2012). Briefly, rats were trained over 5 consecutive daily sessions consisting of 25 

trials/session. Each trial consisted of insertion of an illuminated lever (lever-CS) into the 

chamber for 8 s. Retraction of the lever was immediately followed by the delivery of a single 45-

mg banana-flavored pellet (the US) into the food magazine. CS-US pairings occurred on a 

variable time (VT) 90 (30-150 s) schedule. No instrumental response was required by the rat to 

initiate delivery of the food pellet. Lever deflections, magazine entries, latency to the first lever 

deflection, and latency to the first magazine entry during CS presentation were quantified.  

Pavlovian conditioned approach (PCA) index. Following completion of Pavlovian training, 

animals were assigned to one of three groups based on whether they preferentially interacted 

with the lever-CS (‘sign-trackers’, STs), preferentially interacted with the food magazine during 
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the lever-CS presentation (‘goal-trackers’, GTs), or had no strong preference for the lever-CS or 

food magazine (‘intermediate group’, IG). This was quantified using a composite Pavlovian 

conditioned approach (PCA) index, based on performance on days 4 and 5 of training, as 

described previously (Lomanowska et al. 2011; Meyer et al. 2012a). Briefly, the PCA Index 

score consisted of the average of three measures of conditioned approach behavior: (1) the 

probability of contacting either the lever-CS or food magazine during a trial [P (lever)-P (food 

magazine)]; (2) the response bias for contacting the lever-CS or food magazine during a trial 

[(#lever deflections - #food magazine entries)/ (#lever deflections + #food magazine entries)]; 

and (3) the mean latency to contact the lever or enter the food magazine during a trial [(magazine 

contract latency -  lever deflection latency)/8]. This produces values ranging from -1.0 to +1.0, 

where a score of +1 indicates an animal made a ST CR on every trial, a score of -1 that an animal 

made a GT CR on every trial and a score of 0 that an animal distributed ST and GT responses 

50:50. For purposes of classification, rats with scores of -1.0 to -0.3 were operationally classed 

as GTs and rats with scores of +0.3 to +1.0 were classed as STs. Rats that were within the range 

of -0.29 to +0.29, whose behavior vacillated between the lever-CS and food magazine, were 

classified as intermediates (IGs) and were not used further because we were interested in 

comparing rats that differed strongly in their propensity to attribute incentive salience to food 

cues (Meyer et al. 2012a). Of the 207 rats screened for this experiment, 109 were classed STs, 45 

IGs, and 53 GTs, and the distribution of PCA Index scores were similar to that reported 

previously (Meyer et al. 2012a; Saunders and Robinson 2011; Saunders and Robinson 2012). 

Video analysis. For a subset of rats the 1st, 3rd, and 5th session were video recorded using a 

digital recording system and the video was subsequently scored offline and analyzed for 

orientation to the CS in 8 STs and 8 GTs. An orienting response was scored if a rat made a head 
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and/or body movement in the direction of the lever-CS during the CS period, even if it did not 

approach into close proximity the lever-CS. Of course, if a rat approached and engaged the CS, 

as indicated by a lever deflection, an orienting response would also be scored, as this always 

preceded approach. Thus, we were able to quantify the acquisition of two different CRs: 1) an 

orienting CR, and 2) an approach CR. 

Experiment 1: Pavlovian approach using cocaine as the US 

Surgery. Following Pavlovian training using food as the US, chronic indwelling catheters were 

implanted into the jugular vein of STs and GTs as described previously (Crombag et al. 2000).  

Apparatus. Behavioral testing was conducted in chambers identical to those used to screen 

animals for ST and GT, except the food magazine and lever were removed from the chamber and 

two stimulus lights were placed on the left and right sides of the wall opposite the white 

houselight, 13.5 cm above the stainless steel grid floor. The side of the stimulus light designated 

to serve as a CS (i.e., to be paired with cocaine infusion) was counterbalanced between rats. A 

syringe pump, located outside the sound attenuating chamber and connected to rats’ catheter 

back ports, delivered cocaine infusions. The infusion tubing was suspended into the chamber via 

a swivel mechanism, which allowed rats free movement in the chamber. 

Pavlovian training procedures. Prior to training rats were assigned to either Paired (CS and US 

presented together) or Unpaired groups (US explicitly not paired with presentation of the CS). 

Before Pavlovian training began, rats were first habituated to the presentation of the stimulus 

light (light-CS) and infusion procedure to decrease otherwise high levels of responding to what 

were novel stimuli (Uslaner et al. 2006). The habituation session consisted of 25 individual trials 

(VT 90 s schedule) during which both stimulus lights were simultaneously illuminated for either 

10 or 20 s (see below for further description) and coincided with activation of the infusion pump 
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and an intravenous (IV) infusion of saline (50 µL delivered in 2.8 s). Fifteen days of Pavlovian 

conditioning, using cocaine as the US, commenced the following day (see Fig. 2.1a for the 

overall design). Each session consisted of eight trials (CS-US presentations) occurring on a VT 

schedule with a mean of 900 s (840-960 s). For rats in the Paired group, each light-CS 

presentation was paired with an intravenous infusion of either 0.2 or 0.4 mg/kg of cocaine HCl 

(weight of the salt, dissolved in 0.9% saline in 50 µl over 2.8 s). Of course, no action was 

required to initiate either illumination of the light or the cocaine injection. For rats tested with 0.4 

mg/kg, each trial consisted of illumination of the CS for 10 s and cocaine delivery coincided with 

the onset of the CS. This experiment was conducted first, and therefore, we had scored the video 

prior to conducting a second experiment with a lower dose. Based on the video we decided that it 

would be advantageous if rats had a little more time available to make an approach response. 

Thus, for the second experiment with a dose of 0.2 mg/kg we increased the length of time the 

stimulus light was illuminated to 20 s, and cocaine delivery began 10 s after CS onset.  Rats in 

the Unpaired groups received non-contingent infusions of 0.4 mg/kg cocaine that were explicitly 

not paired with illumination of the CS (cocaine was administered on a VT schedule with a mean 

of 180 s after the CS was extinguished).  

Video analysis. Video was scored offline by an observer blind to the experimental condition for 

two different conditioned responses (CRs). (1) Conditioned Orientation: an orienting response 

was scored if the rat made a head and/or body movement in the direction of the CS during the CS 

period, regardless of whether the rat approached the CS. (2) Conditioned Approach: an approach 

response was scored if during the CS period a rat moved towards the CS, bringing its nose to 

within 1cm of the light. To do this a rat had to rear, lifting both paws off the floor, towards the 

light. Thus, if an approach response were scored on a given trial an orienting response would 
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also be scored, as orienting always preceded approach. However, an orienting response could 

occur in the absence of an approach response. Rats were removed from analysis if their catheter 

lost patency (ST n = 4, GT n = 1). 

  It is also worth noting that the conditioned orientation response reported here (defined as 

head and/or body movement towards the cue) should not be confused with the conditioned 

orientation response defined by Holland and colleagues (defined as rearing close to the cue, 

Gallagher et al. 1990; Han et al. 1997; Holland 1977; McDannald et al. 2004). By our criteria, 

this CR would be defined as an approach response.  

Experiment 2: Individual variation in Pavlovian cue-induced reinstatement of drug-seeking 

behavior  

The basic experimental design for Experiment 2 is shown in Fig. 2.1b. For this experiment an 

independent cohort of rats were trained on the Pavlovian task using food as the US to identify 

STs and GTs, and subsequently prepared with IV catheters, exactly as described for experiment 

1.  

Apparatus. For self-administration, extinction, and reinstatement testing the food magazine and 

lever were removed from the chamber and replaced with two nose-poke ports located 3 cm 

above the floor on the left and right sides of the wall opposite the houselight. A stimulus light 

was mounted above each nose-poke port, 13.5 cm above the floor. Removable waste trays were 

filled with corn cob bedding, a pine scented air-freshener was placed in the chamber, a red 

houselight was used, and the floor was made of stainless steel bars. For Pavlovian training 

sessions, the nose-poke ports were removed from the chambers, the removable waste trays were 

emptied, a vanilla scented air-freshener was placed in the chamber, a white houselight was used, 

and the floor was made of wire mesh to create a context different from that used for self-
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administration sessions. This was done to reduce any effect of context conditioning acquired 

during the Pavlovian conditioning sessions from influencing responding during the reinstatement 

test.  

Self-administration training. Rats were trained to make an instrumental response (a nose poke) to 

receive an intravenous injection of cocaine (0.4 mg/kg/infusion over 2.8 s) on a fixed ratio (FR) 

1 20 s time-out schedule of reinforcement. Responses into the active port during the time-out, or 

into the inactive port, had no programmed consequence. Importantly, no explicit discrete cue was 

associated with the drug infusion during self-administration sessions. Rather than restricting the 

length of the session, rats were required to earn a fixed number of infusions each day (infusion 

criterion, IC), which increased across days, as described previously (Saunders and Robinson 

2010; 2011). This was done to ensure that all rats received exactly the same number of drug 

infusions.  

Pavlovian conditioning procedures. Following acquisition of stable self-administration behavior 

over 12 days of training, the nose poke ports were removed and rats underwent two sessions of 

Pavlovian training with cocaine as the US. Each Pavlovian session was separated by three days 

of self-administration at IC 40 (see Fig. 2.1b). Prior to Pavlovian conditioning, rats were 

assigned to either Paired or Unpaired groups, matched based on the length of time to complete 

self-administration sessions averaged over the final two days of training at IC 40. Each 

Pavlovian training session consisted of 20 CS-US presentations. For rats in the Paired group, the 

light-CS was illuminated for 20 s and cocaine delivery (0.2 mg/kg over 2.8 s) coincided with the 

onset of the CS. Rats in the Unpaired group received non-contingent infusions of cocaine that 

were explicitly not paired with CS presentation (cocaine was administered on VT schedule with 

a mean of 120 s after the light-CS was extinguished). Following the second Pavlovian 
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conditioning session, rats were again allowed to self-administer cocaine at IC 40 for three 

additional days to re-stabilize behavior. Thus, in this experiment the CS that predicted cocaine 

delivery was not present during instrumental (self-administration) sessions, but was associated 

with cocaine in two separate Pavlovian training sessions, and the Pavlovian context was distinct 

from the self-administration context. 

Extinction and reinstatement. After the last self-administration session at IC 40, rats underwent 

ten daily 60 min sessions of extinction training. During extinction, responses into the nose ports 

had no consequences. The day after the final extinction session, rats were tested for Pavlovian 

cue-induced reinstatement of drug-seeking behavior (Fig. 2.1b). During this session, responses 

into the active nose poke resulted in illumination of the cocaine cue (CS) for 5 s and activation of 

the infusion pump, but no cocaine delivery. 

Statistical analysis 

Linear mixed-models (LMM) analysis was used for all repeated measures data (Verbeke and 

Molenberghs 2000). The covariance structure was explored and modeled for each dependent 

variable. Analysis of variance was used to analyze dose-response data for conditioned 

orientation, conditioned approach, and to compare reinstatement responding. When main effects 

were found post hoc comparisons were made using Fisher’s LSD test. Statistical significance 

was set at p < 0.05. 

Results 

Individual variation in Pavlovian conditioned approach behavior to a food cue 

Two distinct phenotypes emerged as a result of Pavlovian training using food as the US, as 

reported previously (Robinson and Flagel 2009). For a subset of rats presentation of the lever-CS 

came to evoke a sign-tracking (ST) CR, consisting of reliable and rapid approach to the lever-CS 



  

 35 

(Figs. 2.2a and 2.2c) and vigorous engagement with it (Fig. 2.2b). In contrast, for another subset 

of rats, presentation of the lever-CS rarely elicited approach to it. Rather, presentation of the 

lever-CS elicited a goal-tracking (GT) CR that consisted of reliable and rapid approach to the 

food magazine (Figs. 2.2d and 2.2f) and vigorous engagement with it (Fig. 2.2e). Individual 

variation in the topography of the conditioned approach responses that developed with Pavlovian 

training is clearly evident by examining the change in the PCA Index scores in STs and GTs over 

days of training (Fig. 2.3a). 

Both STs and GTs learn a conditioned orienting response 

In contrast to variation in the topography of conditioned approach behavior, both STs and GTs 

developed a conditioned orienting response to the lever-CS across sessions [F(2, 25.52) = 31.95, 

p < 0.001], before then approaching either the lever or the food magazine, respectively, and the 

two groups did not differ (Fig. 2.3b). Indeed, on trials when GTs had their head in the food 

magazine prior to presentation of the CS they would typically remove their head from the food 

magazine when the lever-CS was presented, glance at the lever, and then turn back to the food 

magazine. Thus, both STs and GTs learned a conditioned orienting response directed towards the 

lever-CS, but only in STs did the lever-CS become sufficiently attractive to draw a rat into close 

proximity with it, and only STs vigorously engaged the lever-CS (Figs. 2.2 and 2.3).  

Individual variation in conditioned approach to a cocaine cue, but not conditioned orientation 

When cocaine is used as a US, rather than food, rats typically do not physically engage a lever-

CS, therefore, they do not reliably deflect it. Instead, a sign-tracking CR consists of approach to 

the CS, and sniffing and investigation of it (Flagel et al. 2010; Uslaner et al. 2006). Thus, when 

using cocaine as the US we scored a CS-directed approach response (a ST CR) if a rat brought its 

nose to within 1 cm of the light-CS during the CS period, which required it to rear. In contrast, 
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conditioned orientation was defined as a head and/or body movement in the direction of the 

light-CS upon CS presentation, regardless of whether the rat reared, bringing it into close 

proximity to the light. 

Conditioned orientation (0.2 mg/kg). Figure 2.4a illustrates the probability of conditioned 

orientation across training sessions when using 0.2 mg/kg cocaine as the US. As can be seen in 

Fig. 2.4a, at this dose both Paired STs and GTs learned a conditioned orienting response, as 

indicated by a significant increase in the probability of orienting behavior across sessions [F(2, 

34.42) = 11.07, p <0.001], and there were no group differences. Additionally, both STs and GTs 

showed a significant increase in the probability of orienting to the cocaine cue across sessions, 

relative to their respective Unpaired control groups [pairing x session interactions; STs: F(2, 60) 

= 5.67, p = 0.006; GTs: F(2, 33.74) = 3.91; p = 0.03].  

Conditioned approach (0.2 mg/kg). Figure 2.4b illustrates the probability of conditioned 

approach across training sessions when using 0.2 mg/kg cocaine as the US. Fig. 2.4b shows that 

STs and GTs differed in the extent to which the cocaine cue elicited an approach CR [effect of 

group, F(1, 57) = 4.93; p = 0.03]. At this dose STs continued to approach the CS across sessions, 

whereas GTs showed a significant decrease in the probability of approaching the cocaine cue 

across sessions [effect of session, F(2, 10.51) = 4.38, p = 0.041]. STs also had a higher 

probability of approaching the cocaine cue across sessions, relative to their Unpaired control 

group [pairing x session interaction, F(2, 40) = 3.88, p = 0.029], whereas the Paired and 

Unpaired GT groups did not differ, decreasing approach similarly across sessions. 

Conditioned orientation (0.4 mg/kg): Fig. 2.5a shows that when using 0.4 mg/kg cocaine 

as the US both Paired STs and GTs acquired a conditioned orienting response, as indicated by a 

significant increase in the probability of orienting behavior across sessions [F(2, 19) =, p < 



  

 37 

0.001], and the two groups did not differ. In addition, both STs and GTs showed a significant 

increase in probability of orienting to the cocaine cue across sessions, relative to their respective 

Unpaired control groups [pairing x session interactions; STs: F(2, 16) = 14.1, p < 0.001; GTs: 

F(2, 50) = 10.84, p < 0.001].  

Conditioned approach (0.4 mg/kg). In contrast to conditioned orientation, Fig. 2.5b 

shows that STs did differ from GTs in the probability of approaching the CS [effect of group, 

F(1, 52.17) = 4.44, p = 0.04]. Indeed, the effect of session was statistically significant for STs 

[F(2, 9) = 19.34, p = 0.001] but not GTs. Finally, STs also showed a significant increase in the 

probability of approaching the cocaine cue across sessions, relative to their Unpaired control 

group [pairing x session interaction, F(2, 22.77) = 8.52, p = 0.002], whereas Paired and Unpaired 

GTs did not statistically differ. Importantly, neither STs nor GTs in the Unpaired group 

developed an orienting CR or an approach CR. 

Figure 2.6 summarizes the dose-response functions for the probability of conditioned 

orientation (Panel a) and conditioned approach (Panel b) on the final day of training. For 

conditioned orienting a two-way analysis of variance (ANOVA) revealed that there were no 

differences between STs and GTs, and the probability of this CR increased as a function of dose 

in both groups [F(1, 38) = 5.67, p = 0.022]. However, Fig. 2.6b shows that the cocaine cue 

elicited greater approach behavior in STs than in GTs [F(1, 38) = 6.03, p = 0.019], although the 

probability of approach increased equally in STs and GTs as a function of dose. We separately 

analyzed dose-response data for STs and GTs and included unpaired control animals in this 

analysis. A one-way ANOVA showed a significant effect of treatment group for both STs and 

GTs on performance of a conditioned approach CR on the final day of training [STs, F(2, 29) = 

9.03, p = 0.001; GTs, F(2, 22) = 6.4, p = 0.006]. However, post-hoc analysis (Fisher’s LSD) 
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revealed that, on the final day of testing, Paired STs differed from Unpaired STs at both doses 

tested (p’s < 0.05) while Paired GTs only differed from Unpaired GTs only at the highest dose 

tested [0.2 mg/kg, p = 0.985; 0.4 mg/kg, p = 0.015].  

Acquisition and extinction of cocaine self-administration in STs and GTs 

An independent cohort of rats underwent Pavlovian training with food as the US to identify STs 

and GTs as previously described (data not shown) and rats were subsequently prepared with IV 

catheters. Rats were then trained to nose poke for an IV cocaine infusion, but during self-

administration sessions no cue was explicitly paired with drug delivery. Rats in each group 

received the same number of response-reinforcer pairings by requiring them to take a fixed 

number of drug injections each session. Thus, any differences in the acquisition of self-

administration would be evident in the average number of cocaine infusions taken per minute 

(rate). There were no group differences in rate of responding at any infusion criterion (Fig. 2.7b). 

There were also no group differences in active or inactive responses/session and both groups 

learned to discriminate between the active and inactive ports (Fig. 2.7a). Following stable 

responding at IC 40 for two days, rats underwent two days of Pavlovian conditioning with 

cocaine as the US as described in the Methods. After each Pavlovian conditioning session, rats 

were returned to an FR1 schedule at IC 40 to re-stabilize behavior. During these sessions there 

were no group differences in the rate of self-administration or the number of responses (data not 

shown). 

Following the final day of self-administration testing at IC 40, rats underwent ten 

sessions of extinction training during which responses into the active port no longer produced 

cocaine. Figure 2.8 shows that there were no group differences in the rate of extinction and all 
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groups extinguished to the same low level of responding [effect of session, F(9, 37) = 13.24, p < 

0.001]. 

A Pavlovian cocaine cue produced more robust reinstatement of drug-seeking behavior in STs 

than GTs 

Following extinction training all rats were tested for the ability of response-dependent 

presentation of the Pavlovian cocaine cue (light-CS) to reinforce drug-seeking behavior. During 

this test, during which no cocaine was delivered, responses into the active port produced 

presentation of the light-CS previously either paired or unpaired with cocaine injections. All 

groups reinstated responding, in that the number of responses into the active port were greater 

than those into the inactive port (Fig. 2.9). However, Paired STs showed greater reinstatement of 

responding than Paired GTs, as indicated by a significant group x pairing interaction [F(1, 37) = 

7.22, p = 0.011]. 

Discussion 

 We previously reported that there is considerable individual variation in the extent to 

which a Pavlovian food cue acquires the properties of an incentive stimulus (Meyer et al. 2012a; 

Robinson and Flagel 2009; Yager and Robinson 2010). Here we asked whether variation in the 

propensity to attribute incentive salience to a food cue predicts the extent to which a classically 

conditioned cocaine cue acquires motivational properties. We found that a classically 

conditioned cocaine cue was more attractive, in that it elicited approach towards it, and more 

desirable, in that it reinforced actions to get it, in STs than GTs. Importantly, even though GTs 

did not reliably approach the cocaine cue they did learn the CS-US association, as indicated by 

acquisition of a conditioned orienting response, similar to that seen when a food cue is used as 

the US (Zener 1937, and the present study). These findings, together with our previous reports, 
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indicate that there is considerable individual variation in the extent to which a cocaine cue 

acquires motivational control over behavior (Flagel et al. 2010; Meyer et al. 2012b; Saunders and 

Robinson 2010).  

 One limitation when using intravenous drug as the US and approach as the CR is that 

there is no explicit “goal” to approach (this is also the case when using electrical brain 

stimulation as the US; Peterson et al. 1972). Thus, it can be difficult to determine whether GTs 

do not readily approach a cocaine cue because they do not learn the CS-US association as well as 

STs, or because the cocaine cue is not attributed with sufficient incentive salience to draw them 

into close proximity to it. To begin to address this issue we quantified, for the first time, 

acquisition of a conditioned orienting response as an alternative measure of learning the CS-US 

association (Grastyan and Vereczkei 1974; Sokolov 1963). Importantly, STs and GTs did not 

differ in the acquisition of an orienting CR, when either food or cocaine was used as the US. 

Conditioned orientation was not simply a reflexive reaction to a change in the environment 

(Sokolov 1963), as rats that received unpaired CS-US presentations did not orient to the cue. It 

has also been argued that sign-tracking behavior is simply an elaboration of a conditioned 

orienting response (Buzsaki 1982; Grastyan and Buzsaki 1979; Grastyan and Vereczkei 1974; 

Holland 1980). However, our data do not support this view because these two CRs were 

dissociable. When using food as the US, GTs oriented to the food cue, but then approached the 

food magazine, not the cue. Interestingly, Zener (1937) described a similar effect seventy-five 

years ago, observing that some dogs would respond to the CS with “an initial glance at the bell” 

before fixating on the food pan. Thus, absence of an approach CR does not mean that the CS-US 

association was not acquired. For example, when using an auditory CS, rats will orient to the 

sound source and display enhanced general activity but will not approach the auditory stimulus 
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(Cleland and Davey 1983; Holland 1977; Rescorla 1988). We suggest, therefore, that the reason 

GTs do not readily approach the cocaine cue is not because they fail to learn the CS-US 

association, but because they do not attribute sufficient incentive salience to the cue for it to 

become powerfully attractive. 

 Although STs and GTs did not differ in the acquisition of a conditioned orienting 

response they did differ in the extent to which the cocaine cue acquired incentive motivational 

properties, based on two independent measures. First, STs and GTs differed in the extent to 

which the cocaine cue evoked a conditioned approach response, defined as coming into close 

proximity with the cue. With a low dose of cocaine GTs did not show any evidence of 

conditioned approach, although with a higher dose they showed some approach, although less 

than that seen in STs. Second, the Pavlovian cocaine cue was more effective in reinforcing drug-

seeking behavior following extinction of self-administration behavior. It is unlikely that these 

differences between STs and GTs were due to differences in the inherent reinforcing properties 

of cocaine during conditioning because they did not differ in the acquisition of self-

administration behavior, as we have reported previously (Saunders and Robinson 2010; 2011). In 

addition, STs and GTs did not differ in exposure to cocaine or the number of cue-drug pairings, 

because we utilized procedures that held these variables constant.   

 It is interesting to note that during the Pavlovian cocaine cue reinstatement test, both 

Paired and Unpaired rats reinstated responding to some extent, in that responses in the active port 

were greater than in the inactive port in all groups, and indeed, in GTs there was no difference 

between Paired and Unpaired groups. However, in STs the cocaine cue did reinstate stronger 

drug-seeking behavior in Paired relative to Unpaired animals. Nevertheless, there are a number 

of reasons why Unpaired animals may have showed more active than inactive responses. First, a 
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light stimulus is itself inherently reinforcing and will sustain instrumental responding in the 

absence of any other reinforcer (Olsen and Winder 2009; Stewart 1960) and this may have been 

sufficient to maintain low levels of responding in all groups. Second, drugs have relatively long 

durations of action and so it is difficult to “unpair” a discrete CS and a drug US, unless the inter-

trial interval is very long – well beyond the half-life of the drug. Although we used a relatively 

long inter-trial interval, it may have been short enough so that during the Pavlovian conditioning 

sessions brain levels of cocaine may have sometimes still been elevated during CS presentation, 

even in the Unpaired groups, resulting is some association between the CS and US. A third 

possibility is that some responding was maintained by context conditioning, that is, an 

association between cocaine and the context in which it was experienced. However, this seems 

less likely because the Pavlovian conditioning sessions were conducted in a context different 

from the self-administration and reinstatement context.  

 Our finding that a Pavlovian cocaine cue acquired greater incentive motivational value in 

STs than GTs is consistent with previous studies in which a cocaine cue acquired incentive 

motivational properties in an instrumental setting. Saunders and Robinson (2010) used a self-

administration procedure, where responding resulted in both delivery of a light cue and cocaine, 

and reported that following extinction the light cue produced greater cue-induced reinstatement 

in STs than GTs. Furthermore, Meyer et al. (2012b) used a conditioned cue preference 

procedure, where a non-contingent cocaine injection was paired with a tactile floor cue 

(Cunningham et al. 1993), and found that only STs developed a preference for the cocaine-

associated floor. With this procedure, approach to the cocaine-associated floor was likely due to 

its conditioned reinforcing properties. Our results are also consistent with studies using rats 

selectively bred for reactivity to a novel environment (Flagel et al. 2010). Selectively bred high 
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responder rats (bHRs) are almost exclusively STs and selectively bred low responder rats (bLRs) 

are almost exclusively GTs. Flagel et al. (2010) reported that  bHR/STs developed a sign-

tracking CR to a cue associated with an IV cocaine infusion whereas bLR/GTs did not.  

 The neurobiological basis of individual variation in the propensity to attribute incentive 

salience to food and drug cues is not known. There is, however, considerable evidence that 

dopamine (DA) systems are involved in the assignment of incentive value to rewards and their 

associated stimuli (Berridge 2012; Berridge and Robinson 1998; Cardinal et al. 2002), and STs 

and GTs do differ on some measures of DA function. For example, STs show greater expression 

of dopamine D1 receptor mRNA in the nucleus accumbens initially and lower levels of DA 

transporter and tyrosine hydroxylase in the ventral tegmental area and D2 mRNA in the nucleus 

accumbens relative to GTs following Pavlovian conditioned approach training (Flagel et al. 

2007). Additionally, learning a sign-tracking CR is DA-dependent but learning a goal-tracking 

CR is not (Flagel et al. 2011b). Furthermore, Flagel et al. (2011b) showed that over the course of 

Pavlovian training with food as the US, there is a transfer of a phasic DA signal from the food-

US to the lever-CS in STs but not in GTs, in the accumbens core. STs and GTs also differ in 

what brain regions are engaged by food cues. For example, presentation of a Pavlovian food cue 

elicits greater c-fos mRNA expression in STs in both the dorsal and ventral striatum as well as 

the orbitofrontal cortex and thalamus (Flagel et al. 2011a). Interestingly, in human studies, 

differences in dopamine transporter genotype is associated with differential activation of the 

mesocorticolimbic reward circuitry and behavioral responses elicited by smoking cues (Franklin 

et al. 2009). These studies are consistent with the hypothesis that individual variation in 

dopaminergic signaling may contribute to individual variation in the propensity to attribute 

incentive salience to reward cues, but this issue clearly requires further study.  
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 The influence of drug cues on behavior have traditionally been studied using self-

administration procedures, in which an animal works for both presentation of the cue and the 

delivery of the drug reward (de Wit and Stewart 1981; Shaham et al. 2003). However, there are 

many complex psychological processes that interact to contribute to behavior in an instrumental 

setting (e.g., see Fig. 2 in Cardinal et al. 2002). For example, it is difficult to parse whether a 

reward-associated cue is eliciting the next response or if it is reinforcing the prior response. 

Importantly, in the “real world” of substance abusers, drug cues often precede actions that result 

in acquiring and taking drugs. Indeed, the psychological and neurobiological processes 

controlling behavior may be quite different in Pavlovian vs. instrumental settings. For example, 

there is evidence that neural responses, as measured by immediate early gene expression, differ 

in response to the presentation of a Pavlovian CS vs. presentation of a CS acquired in an 

instrumental setting (Thomas et al. 2003; Thomas and Everitt 2001). Stimuli associated with 

drug self-administration do acquire incentive motivational properties, serving as conditioned 

reinforcers (Di Ciano and Everitt 2004) and spurring behavior (Shaham et al. 2003), but it is also 

important to determine whether purely Pavlovian drug cues can similarly motivate behavior, as 

these stimuli may be potent instigators of relapse in addicts. It has been reported that a Pavlovian 

cocaine cue can become both attractive, eliciting approach towards it (Uslaner et al. 2006), and 

desired, in that animals will work for presentation of the cue (Kruzich et al. 2001). However, in 

these studies there was considerable individual variation in the extent to which the cocaine cue 

acquired motivational control over behavior. The data reported here suggest that this variation is 

due, at least in part, to individual differences in the propensity to attribute incentive salience to a 

Pavlovian CS, transforming it from a mere CS into a potent incentive stimulus (Meyer et al. 

2012a). 
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 In conclusion, the extent to which a classically conditioned cocaine cue acquires 

motivational control over behavior is predicted by the propensity of an individual to attribute 

incentive salience to a food cue. Indeed, similar variation in the response to smoking cues was 

recently reported in humans - smokers who reported the highest craving to food cues when food 

deprived also reported the highest craving to smoking cues during abstinence (Mahler and de Wit 

2010). Thus, some individuals are prone to attribute incentive salience to reward cues and this is 

true whether reward cues are presented in an instrumental or Pavlovian setting (Meyer et al. 

2012b; Saunders and Robinson 2010; Yager and Robinson 2010). Individuals prone to attribute 

incentive salience to drug cues may be especially vulnerable to addiction, as in these individuals 

drug cues would most powerfully motivate drug-seeking and drug-taking behavior.  
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Figure 2.1. Schematic illustration of the experimental design. Independent groups of rats 

were used for each experiment. Each numbered box represents an individual session/day. (a) 

Following Pavlovian training with a food unconditioned stimulus (US), rats underwent 

subsequent Pavlovian training with a cocaine US during which rats received non-contingent cue-

light (CS)-US presentations. (b) Following Pavlovian training with a food US, rats were trained 

to self-administer cocaine (US) in the absence of any explicit cue. During subsequent Pavlovian 

conditioning sessions rats received non-contingent cue-light (CS)- cocaine (US) presentations. 

Depending on the experimental phase, an active nose poke produced the US (acquisition), no US 

(extinction), or the CS but no US (reinstatement). 
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Figure 2.2. Behavior directed towards the lever-CS vs. the location of food delivery (the 

food magazine) during Pavlovian training in rats designated as sign-trackers (STs) or goal-

trackers (GTs). The mean ± SEM for: (a) probability of approaching the lever-CS during the 8 s 

CS period, (b) number of lever contacts, (c) latency to first lever contact after CS presentation, 

(d) probability of approaching the food magazine during the 8 s CS period, (e) number of food 

magazine entries during the 8 s CS period, and (f) latency to the first food magazine entry after 

CS presentation. For all measures there was a significant effect of group (ST or GT), session, and 

a group x session interaction (p’s < 0.001). 
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Figure 2.3. Comparison of development of conditioned approach and conditioned 

orientation towards the lever-CS during Pavlovian training in sign-trackers (STs, n =8) and 

goal-trackers (GTs, n =8). Data represent the means ± SEM. (a) PCA index scores for STs and 

GTs across 5 sessions of training. A score of 1.0 reflects a complete bias for interaction with the 

lever-CS (STs), a score of -1.0 reflects complete bias for interaction with the food magazine 

during lever-CS presentation (GTs), and a score of zero reflects that responses were directed 

equally to both locations. (b) Probability of orientation to the food cue (lever-CS), during the CS 

period, across training sessions. 
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Figure 2.4. CS-directed orientation and approach to a cue associated with a non-contingent 

intravenous injection of 0.2 mg/kg cocaine in rats that received paired (ST n = 14, GT n = 

7) or unpaired (ST n = 8, GT n = 8) cue-drug presentations. Data represent the means ± SEM. 

(a) The probability to orient to the cocaine cue during light-CS presentation. (b) The probability 

to approach the cocaine cue during the light-CS presentation. Asterisk, indicates a significant 

group difference between Paired STs and GTs, p< 0.05. 
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Figure 2.5. CS-directed orientation and approach to a cue associated with a non-contingent 

intravenous injection of 0.4 mg/kg cocaine in rats that received paired (ST n = 10, GT n = 

11) or unpaired (ST n = 8, GT n = 8) cue-drug presentations. Data represent the means ± 

SEM. (a) The probability to orient to the cocaine cue during light-CS presentation. (b) The 

probability to approach the cocaine cue during the light-CS presentation. Asterisk, indicates a 

significant group difference between Paired STs and GTs, p< 0.05. 
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Figure 2.6. Dose-response functions. Probability of conditioned orientation (a) and conditioned 

approach (b) on the final day of training. Data represent the means ± SEM. Each data point 

represents an independent group of rats. 
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Figure 2.7. Acquisition of cocaine self-administration behavior in sign-trackers (n = 25) and 

goal-trackers (n = 16). (a) Mean ± SEM number of active and inactive responses for infusion 

criteria 5 and 10 (0.4 mg/kg/inf) and infusion criteria 20 and 40 (0.2 mg/kg/inf). (b) Mean ± 

SEM number of cocaine infusions/min at each infusion criterion. 

 

 

 

 

 

 



  

 54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8. Extinction training. Mean ± SEM number of active responses during extinction of 

responding for cocaine in Paired sign-trackers (n = 14) and goal-trackers (n = 8) and Unpaired 

sign-trackers (n = 11) and goal-trackers (n = 8). 
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Figure 2.9. Cocaine cue reinstatement test. Following extinction, all animals were given a 

single 60 min cue reinstatement test session, in which active responses resulted in presentation of 

the cue previously paired or unpaired with non-contingent cocaine delivery. Mean ± SEM 

number of active responses in Unpaired (white bars) GTs (n = 8) and STs (n = 11) and Paired 

(black bars) GTs (n = 8) and STs (n = 14). The dashed lines indicate the mean number of 

responses in the inactive port. Asterisk, indicates significant difference, p< 0.05.
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Chapter 3 

A classically conditioned opioid cue acquires greater control over motivated behavior and 

induces greater Fos protein expression in rats prone to attribute incentive salience to a food 

cue 

Introduction 

Cues associated with natural or drug rewards can acquire such powerful motivational 

control over behavior that individuals sometimes have difficulty resisting them. There is, 

however, considerable individual variation in the ability of reward cues to gain such control over 

behavior (Mahler and de Wit 2010; Meyer et al. 2012b; Robinson and Flagel 2009; Schachter 

1968; Styn et al. 2013). Evidence from a series of preclinical studies suggests that this variation 

is due, at least in part, to intrinsic individual variation in the extent to which reward cues are 

attributed with incentive salience and thus, in the ability of such cues to acquire properties of an 

incentive stimulus (Flagel et al. 2007; Meyer et al. 2012b; Robinson and Flagel 2009; Yager and 

Robinson 2010). For example, if a spatially discrete stimulus (the conditioned stimulus, CS) is 

repeatedly paired with delivery of a food reward (the unconditioned stimulus, US), in some rats 

('sign-trackers', STs; Hearst and Jenkins 1974), the food cue itself becomes attractive, eliciting 

approach and engagement with it, and desired, in that rats will work to obtain it. In other rats 

('goal-trackers', GTs; Boakes 1977) the food cue itself is less attractive, presentation of the CS 

instead elicits approach to the location where food will be delivered, and GTs do not work as 

avidly to gain access to the cue. Thus, only in some animals does a cue also acquire the 
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properties of an incentive stimulus – the ability to attract, the ability to act as a conditioned 

reinforcer, and to spur (motivate) seeking for its associated reward (for review see Robinson et 

al. 2014; Saunders and Robinson 2013). 

Importantly, the propensity to attribute incentive salience to a food cue predicts the extent 

to which a discrete cocaine cue acquires motivational properties. For example, a cocaine cue is 

more attractive to STs, eliciting greater approach behavior (Flagel et al. 2010; Yager and 

Robinson 2013) and a cocaine cue is also more desired, in that STs will make more responses 

just for presentation of the cue, relative to GTs (Saunders and Robinson 2010; Yager and 

Robinson 2013). Finally, a cocaine cue spurs greater drug-seeking behavior in STs relative to 

GTs (Saunders et al. 2013). While we have shown that a cocaine cue acquires greater control 

over motivated behavior in STs relative to GTs, we currently do not know if this generalizes to 

other classes of drugs. Thus, the first aim of the experiments reported here was to determine 

whether the propensity of an individual to attribute incentive salience to a food cue predicts the 

extent to which cue associated with administration of an opioid drug acquires incentive 

motivational properties.  

Currently, little is known about the neurobiological differences between STs and GTs 

that might account for differences in the propensity to attribute incentive salience to reward cues, 

though recent evidence points to differences in the mesolimbic dopamine system (Flagel et al. 

2011a; Flagel et al. 2011b; Flagel et al. 2010; Flagel et al. 2007; Saunders and Robinson 2012). 

For example, recent work from our lab has shown that conditioned approach (sign-tracking) to a 

food cue is dependent on intact dopamine transmission within the nucleus accumbens (NAc) 

core (Saunders and Robinson 2012). Additionally, we have recently shown that in order for a 

food cue to engage the mesocorticolimbic system it must be imbued with incentive salience 
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(Flagel et al. 2011a). Therefore, our second aim was to begin to explore the neurobiological 

correlates underlying individual variation in the attribution of incentive salience to food and 

opioid cues. To do this we took a two-pronged approach. First, we assessed whether dopamine 

transmission within the NAc core is necessary for expression of conditioned approach to an 

opioid cue by pharmacologically blocking dopamine transmission within the NAc core. Next, we 

took a more broad approach and examined which brain regions were engaged by classically 

conditioned food and opioid cues and whether this varied by the degree to which individuals 

attributed incentive salience to reward cues (i.e., in STs vs. GTs). To do this we measured Fos 

protein expression elicited by presentation of either a food or opioid cue in brain structures 

located within the mesocorticolimbic and cortico-striatal-thalamic systems, as these systems 

have been shown to be engaged by both food and drug associated cues (Childress et al. 1999; 

Kelley et al. 2005; Schiltz et al. 2007; Schroeder et al. 2001; Tang et al. 2012).  

Materials and Methods 

Subjects  

Male Sprague-Dawley rats weighing 250-275g upon arrival were purchased from Harlan 

(Haslett, MI) and Charles River (Portage, MI). Rats were individually housed in a climate-

controlled colony room on a 12 hr light/12 hr dark cycle (lights on at 0800 hr) with ad libitum 

access to food and water (i.e., rats were not food restricted at any time). Following their arrival, 

rats were given one week to acclimate to the colony room before testing began. The 

experimenter gently handled rats several times during the acclimation period. The University of 

Michigan Committee on the Use and Care of Animals (UCUCA) approved all procedures. 
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Pavlovian training using food as the US 

Apparatus. Behavioral testing was conducted in sixteen standard (22 x 18 x 13 cm) test chambers 

(Med Associates Inc., St. Albans, VT, USA) located in sound attenuating cabinets. Each cabinet 

was equipped with a ventilating fan that also served to mask background noise. Each chamber 

had a food cup located on the center of the front wall, 3 cm above a stainless steel grid floor. A 

retractable lever that could be illuminated from behind was located 6 cm above the floor either to 

the left or right of the food cup. The location of the lever was counterbalanced across rats. A red 

houselight was located on the wall opposite of the food cup and remained illuminated throughout 

the testing session. 

Pavlovian training procedure. Pavlovian training procedures were similar to those described 

previously (Flagel et al. 2007; Meyer et al. 2012a). For 2 days prior to the start of training, 25 

banana-flavored pellets (45 mg; BioServe) were placed into the home cage to familiarize the rats 

with this food. After the one week acclimation period, rats underwent one training session during 

which they learned to retrieve food pellets from the food cup. During this session the lever 

remained retracted and 25 pellets were delivered into the food cup according to a variable time 

(VT) 30 s (0-60 s) schedule of delivery. If a rat failed to consume all the pellets during this 

session, it was repeated again the next day. Subsequently, rats underwent 5 days (Experiments 1-

3) or 7 days (Experiment 4) of Pavlovian conditioning (one session/day). Each session consisted 

of 25 trials during which the lever (lever-CS) was inserted into the chamber for 8 s, and during 

this time it was illuminated from behind. Immediately upon retraction of the lever a single 45-mg 

banana-flavored pellet (the US) was delivered into the food cup. CS-US pairings occurred on a 

VT 90 s (30-150 s) schedule. Importantly, no instrumental response was required by the rat to 

initiate delivery of the food pellet. Lever deflections, food cup entries, latency to the first lever 
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deflection, and latency to enter the food cup during each CS presentation were recorded using 

Med Associates software.  

Pavlovian conditioned approach (PCA) index. Following completion of Pavlovian training, 

animals were classed into three groups: (1) Those that preferentially interacted with the lever-CS 

(‘sign-trackers’, STs), (2) those that preferentially interacted with the food cup during the lever-

CS presentation (‘goal-trackers’, GTs), and (3) those that had no strong preference for either the 

lever-CS or food cup (‘intermediate group’, IG). The extent to which behavior was directed 

towards the lever-CS or the food cup was quantified using a composite Pavlovian conditioned 

approach (PCA) index, based on performance during days 4 and 5 of training, as previously 

described (Lomanowska et al. 2011; Meyer et al. 2012a). The PCA Index score incorporated 

three measures of conditioned approach behavior: (1) the probability of contacting either the 

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

the lever-CS or food cup during a trial [(#lever deflections - #food cup entries)/ (#lever 

deflections + #food cup entries)]; and (3) the mean latency to contact the lever or enter the food 

cup during a trial [(food cup contact latency -  lever deflection latency)/8]. This formula 

produces values ranging from -1.0 to +1.0, where a score of +1 indicates an animal made a ST 

CR on every trial, a score of -1 that an animal made a GT CR on every trial and a score of 0 that 

an animal distributed ST and GT responses equally. For purposes of classification, rats with 

scores of -1.0 to -0.5 were operationally defined as GTs and rats with scores of +0.5 to +1.0 were 

defined as STs (i.e., these subgroups were twice as likely to interact with either the food cup or 

lever-CS, respectively). Rats that were within the range of -0.49 to +0.49, whose behavior 

vacillated between the lever-CS and food magazine, were classified as intermediates (IGs) and 

were not used further because we were interested in comparing rats that differed strongly in their 
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propensity to attribute incentive salience to reward cues (Meyer et al. 2012a). A total of 283 rats 

were screened for ST and GT behavior, but only a subset (N= 102; STs n= 58, GTs n= 44) were 

used in the experiments described below 

Experiment 1: Individual variation in Pavlovian conditioned approach using remifentanil as 

the US.  

Surgery. Following completion of Pavlovian training using food as the US, chronic indwelling 

catheters were implanted into the jugular vein of STs and GTs as described previously (Crombag 

et al. 2000) under ketamine hydrochloride (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p) 

anesthesia. Post-operative pain was managed with carprofen (5 mg/kg). Following surgery, 

catheters were flushed daily with 0.2 ml of sterile saline containing 5 mg/ml gentamicin sulfate 

(Vedco) to prevent occlusions and minimize infections. Catheter patency was tested before the 

first day of training and again after the last day of training by intravenous (IV) injection of 0.2 ml 

of methohexital sodium (10 mg/ml in sterile water; JHP Pharmaceuticals). Rats were removed 

from the analysis if they failed to become ataxic within 5 s of injection (ST n= 6, GT n= 3).   

Apparatus. Behavioral testing was conducted in chambers identical to those used to screen 

animals for ST and GT, except the food cup and lever were removed from the chamber and two 

stimulus lights were placed on the left and right sides of the wall opposite the white houselight, 

13.5 cm above the stainless steel grid floor. The location of the stimulus light designated to serve 

as the CS (i.e., to be paired with remifentanil infusions) was counterbalanced between rats. Rats 

received remifentanil infusions via a syringe pump that was located outside the sound-

attenuating chamber. The infusion tubing was suspended into the chamber via a swivel 

mechanism, which allowed rats’ free movement in the chamber.  
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Pavlovian training procedures. Prior to training, rats were assigned to either Paired (CS and US 

presented together) or Unpaired groups (US explicitly not paired with presentation of the CS). 

After recovery from surgery, rats were first habituated to the presentation of the stimulus light 

(light-CS) and infusion procedure to decrease otherwise high levels of responding to a novel 

stimulus (Uslaner et al. 2006). This single habituation session consisted of 25 trials during which 

both stimulus lights were illuminated for 10 s and coincided with activation of the infusion pump 

and an IV infusion of saline (50 µl delivered over 2.8 s). Trials occurred on a VT 90 s (60-120 s) 

schedule. Starting the next day, rats underwent 8 days of Pavlovian conditioning using 

remifentanil as the US.  

We used remifentanil in these studies, rather than morphine or heroin, because 

remifentanil is: (1) a potent μ-opioid receptor agonist (James et al. 1991; Michelsen and Hug 

1996), (2) is readily self-administered by humans and animals (Baylon et al. 2000; Ko et al. 

2002; Levine and Bryson 2010; Panlilio and Schindler 2000), and most importantly, (3) it has a 

very short half-life of approximately 45 s (Haidar et al. 1997). The short half-life of remifentanil 

is very advantageous for Pavlovian conditioning studies because it allows for frequent CS-US 

pairings (see Uslaner et al. 2006).  

Each session consisted of 22 trials (CS-US presentations) occurring on a VT schedule 

with a mean of 360 s (300-420 s). This inter-trial interval (ITI) was chosen based on the half-life 

of remifentanil as well as pilot testing to determine the amount of time necessary for rats to 

recover from the locomotor suppressant effects of remifentanil. For rats in the Paired groups, 

each trial consisted of illumination of the stimulus light designated as the CS (light-CS) for 10 s, 

which coincided with an IV infusion of 1.6 or 3.2 µg/kg of remifentanil hydrochloride (weight of 

the salt, dissolved in 0.9% saline in 50 µl). The drug injection began at the same time the light-
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CS was illuminated, but occurred over only 2.8 sec. Remifentanil was obtained from the hospital 

pharmacy of the University of Michigan Health system (Ultiva brand, GlaxoSmithKline; 

Uxbridge, Middlesex, UK). Again, no instrumental response was required by the rat to initiate 

either illumination of the light or the remifentanil infusion. Independent groups of rats were used 

for each dose of remifentanil tested. Rats in the Unpaired group received non-contingent 

infusions of 3.2 µg/kg remifentanil that were explicitly not paired with illumination of the light-

CS (remifentanil was delivered on a VT schedule with a mean of 150 s after the CS was 

extinguished). We only tested rats in the Unpaired group with the higher dose of remifentanil as 

this dose produced the most behavior in the Paired rats.      

Experiment 2: Individual variation in the conditioned reinforcing properties of a Pavlovian 

conditioned remifentanil cue 

One week following the last PCA session with remifentanil as the US, rats from Experiment 1 

underwent a single 40 min test for conditioned reinforcement. During this test the chamber was 

reconfigured such that the cue light was now located in the middle of the front wall and was 

flanked by two nose-poke ports. Responses into one port (Active) resulted in illumination of the 

remifentanil cue (light-CS) for 2s. Responses into the other port (Inactive) had no consequence. 

The side of the Active and Inactive ports was counterbalanced between rats. No remifentanil was 

delivered during this test.     

Experiment 3: The role of nucleus accumbens core dopamine in the expression of Pavlovian 

conditioned approach to a remifentanil cue 

An independent cohort of rats (N= 32) was used for Experiment 3. Rats were trained on the 

Pavlovian task using food as the US to identify STs. Only STs were used for this experiment as 

we were interested in whether dopamine transmission within the core was necessary for 
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conditioned approach to a remifentanil cue and based on our results from Experiment 1, GTs did 

not readily approach the remifentanil cue.  

Surgery. Rats were first prepared with IV catheters as described in Experiment 1. Rats were then 

positioned in a stereotaxic apparatus (David Kopf Instruments). Bilateral 22-gauge stainless steel 

guide cannulas (Plastics One) were inserted 2 mm above the target site in the nucleus accumbens 

(NAc) core (relative to bregma: AP +1.8 mm; ML ±1.5 mm; DV -5.0 mm). Guide cannula were 

secured to the skull with three screws and dental acrylic. Stainless steel obturators, flush with the 

end of the cannula, were inserted to prevent occlusion.   

Microinjections. Dopamine receptor blockade was achieved with local microinjections of the 

non-specific dopamine receptor antagonist flupenthixol (Sigma). We used a non-specific 

antagonist because we wanted to block all actions of endogenous dopamine (i.e., not to assess 

which receptor subtypes are more important) within the NAc core. Flupenthixol was 

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

previous study where we showed that these doses of flupenthixol dose dependently decreased 

conditioned approach to a food cue (Saunders and Robinson 2012). On test days, stainless steel 

28-gauge injectors (Plastics One) attached to PE-20 polyethylene tubing were inserted into the 

guide cannulas and extended 2 mm beyond the tip of the guide cannula. The experimenter gently 

held rats during infusions. The infusion volume of 0.5 µl per side was delivered over 60 s using a 

syringe pump (Harvard Apparatus, Holliston, MA, USA). Injectors remained in place for an 

additional 60 s to allow for drug diffusion before being removed and replaced with obturators. 

Following microinjections, rats were placed in holding chambers for 35 min before being moved 

to the testing chambers for the start of the session. This delay between drug injection and testing 

was imposed to account for the delayed onset of drug action (Saunders and Robinson 2012). All 
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microinjections were separated by 2 days of additional training to re-stabilize performance. Rats 

received a microinjection of saline ~4 days prior to the first test session to habituate them to the 

infusion procedure. 

Pavlovian training and microinjection tests. Rats underwent Pavlovian training with remifentanil 

as the US for 8 days exactly as described for Experiment 1. Prior to the 9
th

 training session, rats 

were given a vehicle microinjection. Subsequently, rats received microinjections of flupenthixol 

(5, 10, and 20 µg) in a counterbalanced order, followed by a second vehicle injection before the 

final session. It is important to note that each test session was identical to the training sessions 

(i.e., both CS and US were presented).  

Histology. After completion of behavioral testing, rats were anesthetized with an overdose of 

pentobarbital sodium and their brains were extracted and flash-frozen in isopentane. Brains were 

sectioned at 60 µm on a cryostat throughout the extent of the accumbens core, mounted on 

slides, air-dried, and stained with Cresyl violet. Cannula placements were examined on sections 

using light microscopy and mapped onto schematics from a rat brain atlas (Paxinos and Watson 

1998).  

Experiment 4: Individual variation in Fos expression elicited by Pavlovian conditioned food 

and remifentanil cues 

A separate cohort of rats was used in Experiment 4 (n= 76). An additional 4 rats were used as 

transport controls for this portion of the study. These control rats were moved daily from the 

colony room to the testing chambers concurrently with rats undergoing Pavlovian conditioning. 

Control rats were left undisturbed in the testing chambers, with the houselight on, for the length 

of each Pavlovian conditioning session.  
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Pavlovian training procedures for food cue groups. Prior to training, rats were randomly 

assigned to either the Paired or Unpaired group. Rats in the Paired group were trained on the 

Pavlovian task using food as the US and the lever as the CS to identify STs and GTs as described 

above. Rats in the Unpaired group received pseudorandom CS and US presentations during each 

session. Pavlovian training was conducted over seven consecutive days.    

Pavlovian training procedures for remifentanil (REMI) cue groups. Rats were first trained on the 

Pavlovian task using food as the US, over seven consecutive days, to identify STs and GTs and 

subsequently prepared with I.V. catheters. Rats were then assigned to either the Paired or 

Unpaired group prior to Pavlovian training using remifentanil as the US and the cue light as the 

CS. Pavlovian conditioning with remifentanil as the US was identical to that for Experiment 1 

except that training was conducted over seven days and each session consisted of 25 trials. This 

was done so that all rats received the same number of CS-US pairings for the cue that would be 

presented on test day.  

Forced abstinence. Following completion of Pavlovian conditioning, rats were left undisturbed 

in their home cages for 10 days. This period of abstinence was necessary as Fos expression has 

been shown to diminish after repeated drug exposures. We have previously shown that after a 10 

day drug-free period the ability of drug (amphetamine) to induce c-fos mRNA is restored 

(Ostrander et al. 2003). Rats in both the food and REMI groups underwent the 10 day abstinence 

period so that the time between the last Pavlovian training session and the test day was held 

constant across groups.  

Context exposure sessions. To minimize the influence of contextual cues, all rats were placed 

into the test chambers for 30 min on days 8-10 following completion of Pavlovian conditioning, 

during which time the houselight was illuminated but neither the lever-CS nor the light-CS was 
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presented. Test chambers remained in the same configuration as during conditioning (i.e., the 

food cup remained in the chamber for the food cue group). Rats in the REMI cue group were 

tethered to the infusion line during these sessions. 

Test day: re-exposure to the CS. The day following the last context exposure session (i.e., day 11 

following the final Pavlovian conditioning session) rats were placed into the chambers, the 

houselight was illuminated, and following a 5-min habituation period, either the illuminated 

lever-CS was inserted into the chamber (for the food cue group) or the light-CS was illuminated 

(for the REMI cue group) for 4 s a total of 10 times (once per minute). Rats in the REMI cue 

group were tethered to the infusion line during this session. Note that no food or remifentanil 

was delivered during this test.  

Tissue preparation. After the last CS presentation, rats were returned to their home cages. 

Approximately 60 min later, rats were anesthetized with pentobarbital sodium (390 mg/kg, i.p.) 

and perfused transcardially with 25 ml of 0.9 % saline followed by 500 ml 4% paraformaldehyde 

in 0.1 M phosphate buffer (PB). Brains were harvested and post-fixed for 1 hr at room 

temperature in the same fixative, then stored in 20% sucrose and 0.01% sodium azide in 0.1 M 

PB at 4ºC. Coronal sections (35 µm) were cut on a freezing microtome (CM 2000R, Leica) and 

stored in a cryoprotectant solution (30% sucrose and 30% ethylene glycol in 0.1 M PB). Sections 

were obtained through the brain in four parallel series. Tissue was stored at -20ºC until further 

processing. 

Immunohistochemistry. All incubations were performed at room temperature with gentle 

agitation. Free-floating sections were washed three times (5 min) with 0.1 M Phosphate-buffered 

saline (PBS) between incubations. Sections were incubated in 1% H2O2 for 10 min and then 

blocked in an incubation solution (PBS containing 0.1% bovine serum albumin, Fisher; and 0.4% 
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Triton X-100, Sigma-Aldrich) for 1 hr. Next, tissue was incubated overnight with a rabbit 

polyclonal antibody against c-Fos (1:500; ab7963, lot GR126599; Abcam, Cambridge, MA, 

USA). Sections were then incubated in biotin-conjugated goat anti-rabbit IgG (1:500 in PBS 

containing 0.1% bovine serum albumin and 0.4% Triton X-100; Vector Laboratories) for 1 hr 

followed by a 1 hr incubation in avidin-biotin-horseradish peroxidase (1:1000 in PBS; ABC 

elite; Vector Laboratories). This was visualized using 0.02% 3,3´-diaminobenzidine 

tetrahydrochloride (10 min; Sigma-Aldrich) with 0.02% nickel sulfate in 0.1 M PB with 

hydrogen peroxide (0.015%). Sections were mounted onto Superfrost plus glass slides (Fisher) 

and coverslipped with dibutyl phthalate xylene.     

Fos immunoreactivity analysis. Digital images were captured with a CCD camera (FX1520, 

SPOT Imaging Solutions, Sterling Heights, MI, USA) attached to a Leica microscope (DM400B, 

Leica, Wetzlar, Germany) with fixed camera settings for all subjects (using 10x objectives). Fos 

immunoreactive cells were counted by an individual blind to treatment conditions and were 

identified by black oval-shaped nuclei. Using National Institutes of Health ImageJ software, 

areas of analysis were defined based on landmarks unique for each brain region (Paxinos and 

Watson 1998). The total number of Fos immunoreactive cells was quantified from the left and 

right hemispheres of each animal for each region of interest and counts were averaged per 

animal. The orbitofrontal cortex (OFC) was sampled at +3.2 from bregma with a sampling area 

of 400 x 600 µm. The nucleus accumbens (NAc) core and shell subregions were sampled at +1.6 

mm from bregma with a sampling area of 400 x 600 µm. The dorsolateral (DL) and dorsomedial 

(DM) dorsal striatum were sampled at +0.8mm from bregma with a sampling area of 600 x 600 

µm. The basolateral amygdala (BLA) and central nucleus of the amygdala (CeA) were sampled 

at -2.56 from bregma with a sampling area of 400 x 600 µm. The paraventricular nucleus of the 
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thalamus (PVT) was sampled at -3.14 mm from bregma with a sampling area of 650 x 500 µm. 

The AP coordinates for each brain region were selected based on previous work looking at the 

induction of c-fos mRNA in STs and GTs in response to presentation of a food cue (Flagel et al. 

2011a).  

Video analysis  

All Pavlovian conditioning sessions with remifentanil as the US were video recorded. Video was 

scored offline by an observed blind to treatment condition for two different conditioned 

responses (CRs) as described previously (Yager and Robinson 2013). (1) Conditioned 

Orientation: an orienting response was scored if the rat made a head and/or body movement in 

the direction of the CS during the CS period, regardless of whether the rat approached the CS. 

(2) Conditioned Approach: an approach response was scored if the rat moved towards the CS 

during the CS period, bringing its nose to within 1 cm of the light. Given the location of the cue 

light within the chamber, a rat had to rear, lifting both paws off the floor, in order to bring its 

nose within 1 cm of the light. It is worth noting that if an approach response was scored on a 

given trial an orienting response would also be scored, as orienting always preceded approach. 

However, an orienting response could occur in the absence of an approach response (e.g., an 

orienting response could occur in the absence of rearing). Additionally, to assess the effects of 

flupenthixol on locomotor behavior, we also scored locomotor activity during each test session 

that rats received a microinjection. To do this, video was scored every 5 min for 30 sec and the 

number of cage crosses made during this time were recorded. 

Statistics 

Linear mixed-models (LMM) analysis was used for all repeated measures data (Verbeke and 

Molenberghs 2000). The covariance structure was explored and modeled for each dependent 
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variable. Two way (group: ST/GT by dose) ANOVAs were used to analyze dose-response data 

for conditioned orientation and conditioned approach. Two way repeated measures (group: 

ST/GT by port: Active/Inactive) ANOVAs were used to compare groups during the conditioned 

reinforcement test. One-way ANOVAs were used to examine group differences in behavior upon 

re-exposure to the CS on test day and the average amount of Fos expression for each region of 

interest. Transport control rats were not included in this analysis as their Fos expression was not 

significantly different from that of the Unpaired rats, except in the CeA. The relationship 

between Fos expression and behavior upon re-exposure to the CS was examined using 

correlation Z-tests with a 95% confidence interval. When main effects were found, post hoc 

comparisons were made using Fisher’s LSD test. Statistical significance was set at p<0.05. 

Results 

Experiment 1 

Individual variation in Pavlovian conditioned approach to a food cue 

As reported previously, two distinct phenotypes emerged as a result of Pavlovian training using 

food as the US (Flagel et al. 2007; Meyer et al. 2012a; Robinson and Flagel 2009). Across 

successive days of training, presentation of the lever-CS came to primarily evoke a sign-tracking 

(ST) CR in some rats. A ST CR consisted of reliable and rapid approach to the lever-CS (Fig. 

3.1a, c) followed by engagement with it, as indicated by lever deflections (Fig. 3.1b). 

Conversely, for other rats, presentation of the lever-CS came to primarily evoke a goal-tracking 

(GT) CR. A GT CR consisted of reliable and rapid approach to the food cup (Fig. 3.1d, f), 

followed by engagement with it, as indicated here by repeated photocell beam breaks (Fig. 3.1e). 

It has also been reported that GTs lick, nibble, and bite the food cup after approaching it (see 

DiFeliceantonio and Berridge 2012; Mahler and Berridge 2009 for a more detailed description of 
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this behavior). Other rats (intermediates) showed a high incidence of both CRs. Their data are 

not shown because these animals were not used further.  

Individual variation in conditioned approach to a remifentanil cue, but not conditioned 

orientation 

When a drug is used as the US, rather than food, rats often do not physically engage a lever-CS. 

Instead, a sign-tracking CR consists of approach to the CS followed by sniffing and investigation 

of it (Flagel et al. 2010; Uslaner et al. 2006; Yager and Robinson 2013). This behavior is very 

similar to what is observed when rewarding electrical brain stimulation is used as the US 

(Peterson et al. 1972). Thus, when using remifentanil as the US, we scored a CS-directed 

approach response (a ST CR) if a rat brought its nose to within 1 cm of the light-CS during the 

CS period. In contrast, an orientation response was scored if a rat moved its head and/or body in 

the direction of the light-CS upon CS presentation, regardless of whether the rat approached it.  

 Conditioned orientation (1.6 µg/kg). Figure 3.2a illustrates the probability of conditioned 

orientation across training sessions when using 1.6 µg/kg remifentanil as the US. With this dose 

both Paired STs and GTs acquired a conditioned orientation response, as indicated by a 

significant increase in the probability of orientation behavior across sessions [F(2, 39.25)= 23.59, 

p< 0.001]. While both STs and GTs acquired a conditioned orientation response, and did so at a 

similar rate as indicated by a non-significant group by session interaction, STs oriented more 

than GTs [main effect of group, F(1, 51.83)= 7.439, p= 0.009]. However, both STs and GTs 

showed a significant increase in the probability of orienting to the remifentanil cue across 

sessions, relative to their Unpaired control groups [pairing x session interaction; STs: F(2, 

42.92)= 23.99, p< 0.001; GTs: F(2, 36.92)= 4.81, p= 0.01].    
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 Conditioned approach (1.6 µg/kg). Figure 3.2b illustrates the probability of conditioned 

approach across training sessions when using 1.6 µg/kg remifentanil as the US. Figure 3.2b 

shows that Paired STs and GTs differed in the extent to which the remifentanil cue elicited an 

approach CR [effect of group, F(1, 45.04)= 15.17, p< 0.001]. Indeed, STs approached the 

remifentanil cue significantly more across sessions relative to GTs [group x session interaction, 

F(2, 41.38)= 3.84, p= 0.03]. Finally, Paired STs also showed a significant increase in probability 

of approaching the remifentanil cue across sessions, relative to their Unpaired control group 

[pairing x session interaction, F(2, 41.81)= 6.12, p= 0.005], whereas Paired and Unpaired GTs 

did not statistically differ. 

 Conditioned orientation (3.2 µg/kg). Figure 3.2c illustrates that when using 3.2 µg/kg 

remifentanil as the US both Paired STs and GTs acquired a conditioned orientation response, as 

indicated by a significant increase in the probability of orientation behavior across sessions [F(2, 

18)= 99.62, p< 0.001], and the two groups did not differ. In addition, both Paired STs and GTs 

showed a significant increase in probability of orienting to the remifentanil cue across sessions 

relative to their respective Unpaired control groups [pairing x session interaction; STs: F(2, 

24.02)= 20.4; p< 0.001; GTs: F(2, 17)= 33.01, p< 0.001]. 

 Conditioned approach (3.2 µg/kg). In contrast to conditioned orientation, Fig. 3.2d shows 

that Paired STs did differ from Paired GTs in the probability of approaching the CS when using 

3.2 µg/kg remifentanil as the US [effect of group, F(1, 45.59)= 20.18, p< 0.001]. Indeed, the 

effect of session was statistically significant for STs [F(2, 11.66)= 19.51, p< 0.001] but not GTs. 

Additionally, both Paired STs and GTs showed a significant increase in probability of 

approaching the remifentanil cue across sessions, relative to their respective Unpaired control 

groups [pairing x session interaction; STs: F(2, 21.5)= 14.73, p< 0.001; GTs: F(2, 31.64)= 3.4, 
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p= 0.046]. Importantly, neither STs nor GTs in the Unpaired group acquired an orientation or 

approach CR. 

 Dose-response analysis. Figures 3.2e and 3.2f summarize the dose-response functions for 

the probability of conditioned orientation and conditioned approach on the final day of training. 

Two-way ANOVAs revealed that there was an overall difference between Paired STs and GTs in 

both probability of conditioned orientation [main effect of group, F(1, 37)= 7.66, p= 0.009] and 

probability of conditioned approach [main effect of group, F(1, 37)= 27.47, p< 0.001]. However, 

the probability of both of these CRs did not change as a function of dose. We separately analyzed 

conditioned approach dose-response data for STs and GTs and included Unpaired control 

animals in this analysis. A one-way ANOVA revealed a significant effect of treatment group for 

STs and a non-significant trend for GTs on performance of a conditioned approach CR on the 

final day of training [STs: F(2, 30)= 27.96, p< 0.001; GTs: F(2, 26)= 3.19, p= 0.058]. Post-hoc 

analysis (Fisher’s LSD) revealed that, on the final day of training, Paired STs differed from 

Unpaired STs at both doses tested (p’s< 0.001). 

Experiment 2 

A remifentanil cue is a more effective conditioned reinforcer in STs than GTs 

Following a one week period of forced abstinence, all rats from Experiment 1 underwent a single 

test for conditioned reinforcement. During this test the chamber was reconfigured such that the 

remifentanil cue (light-CS) was relocated to the middle of the wall and was flanked by two nose-

poke ports. Responses into the Active port produced presentation of the light-CS, which had 

previously either been paired or unpaired with remifentanil infusions, while responses into the 

Inactive port had no consequence. No remifentanil was delivered during this test. Figure 3.3 

shows the mean difference in nose pokes into the Active minus Inactive port during the 
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conditioned reinforcement test. As can be seen in Figure 3.3, when either 1.6 (Fig. 3.3a) or 3.2 

µg/kg (Fig. 3.3b) remifentanil was used as the US during Pavlovian conditioning, STs made 

more Active (relative to Inactive) responses than did GTs, as indicated by a significant group x 

port interaction [1.6 µg/kg: F(1, 17)= 5.506, p= 0.031; 3.2 µg/kg: F(1, 20)= 5.516, p= 0.029]. 

For rats in the Unpaired condition, there was no significant difference between groups. 

Experiment 3  

Pavlovian training with food as the US was very similar to Experiment 1, so for the sake of 

simplicity these data are not shown. It is important to point out that this experiment only utilized 

rats identified as STs. 

Acquisition of conditioned orientation and approach to a remifentanil cue 

As in Experiment 1, STs acquired orientation and approach CRs. As shown in Figure 3.5a, STs 

increased both orientation towards and approach to the remifentanil cue across sessions [main 

effect of session; orientation: F(2, 18.03)= 54.29, p< 0.001 ; approach: F(2, 17.06)= 26.99, p< 

0.001]. 

Dopamine receptor blockade in the nucleus accumbens core suppresses conditioned approach, 

but not conditioned orientation, to a remifentanil cue  

Upon review of video of the test sessions, we found that the 20 μg dose of flupenthixol produced 

non-specific effects on locomotor behavior, significantly decreasing the number of cage crosses 

at this dose [F(3, 24)= 4.78, p= 0.01; Fig. 3.4], by seemingly interacting with remifentanil to 

reduce locomotion, so data using this dose were not included in any further analysis. We first 

examined the effect of flupenthixol (0, 5, or 10 μg) on conditioned orientation and approach 

across the entire session. As can be seen in Figure 3.5b, flupenthixol dose-dependently decreased 

approach to the remifentanil cue [F(2, 15.22)= 47.409, p< 0.001] without affecting conditioned 
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orientation [F(2, 14)= 3.565, p= 0.17]. We next examined whether flupenthixol decreased 

approach on the very first trial (i.e., in the absence of any new learning). Indeed, as shown in 

Figure 3.5c, flupenthixol decreased approach on the very first trial [F(2, 16.973)= 4.98, p= 0.02]. 

Post-hoc analysis, however, revealed that there was only a significant decrease in conditioned 

approach on the first trial, relative to vehicle, with the higher dose of flupenthixol [5 μg: p= 0.42; 

10 μg: p= 0.03]. 

Histological verification of cannula placements 

Figure 3.6 illustrates the location of microinjection tips within the accumbens core for rats used 

in Experiment 3. 

Experiment 4 

Pavlovian training 

 Food cue group: Conditioned approach with food as the US. Rats were again classified 

as STs and GTs based upon their preference for either interacting with the lever-CS or the food 

cup. Across sessions, STs increased the probability of contacting the lever-CS (Fig. 3.7a) while 

GTs increased the probability of entering the food cup during the CS presentation (Fig. 3.7b). 

Rats in the Unpaired (UP) group did not develop a preference for either the lever-CS or the food 

cup. Analysis of the number contacts with the lever and food cup and the latency to approach 

them were very similar to the probability of approaching the lever and food cup, so for the sake 

of simplicity these data are not shown. 

 REMI cue group: Conditioned orientation and approach with remifentanil as the US. 

Following identification as STs and GTs, rats were conditioned with 3.2 μg remifentanil as the 

US in a manner very similar to Experiment 1. Figure 3.8a illustrates that when using 3.2 µg/kg 

remifentanil as the US both STs and GTs acquired a conditioned orienting response, as indicated 
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by a significant increase in the probability of orientation behavior across sessions [F(2, 10)= 

52.92, p< 0.001], and the two groups did not differ. In addition, both STs and GTs showed a 

significant increase in the probability of orientation to the remifentanil cue across sessions 

relative to the UP group [pairing x session interaction; STs: F(2, 18.96)= 41.22; p< 0.001; GTs: 

F(2, 21.82)= 28.94, p< 0.001]. 

 Figure 3.8b illustrates the probability of conditioned approach across training sessions 

when using 3.2 µg/kg remifentanil as the US. Figure 3.8b shows that STs and GTs differed in the 

extent to which the remifentanil cue elicited an approach CR [effect of group, F(1, 25.77)= 

45.91, p< 0.001]. Indeed, STs approached the remifentanil cue significantly more across sessions 

relative to GTs [group x session interaction, F(2, 16.96)= 14.29, p< 0.001]. STs also showed a 

significant increase in probability of approaching the remifentanil cue across sessions, relative to 

the Unpaired group [pairing x session interaction, F(2, 16.38)= 27.92, p< 0.001]. While GTs 

approach more overall than Unpaired rats [main effect of pairing, F(1, 29.44)= 22.4, p< 0.001], 

this did not change across sessions. 

Test day behavior: re-exposure to the CS 

 Food cue. Figures 3.7c and 3.7d illustrate behavior during the test session, during which 

the food cue was presented under extinction conditions (i.e., no food was delivered). There were 

significant group differences in the probability of approaching both the lever-CS [F(2,16)= 4.82, 

p= 0.026] and the food cup during the CS presentation [F(2, 16)= 4.887, p= 0.025]. STs 

approached the lever-CS more than GTs (p= 0.009) and there was a non-significant trend for STs 

to approach the lever-CS more then UP rats (p= 0.06). Conversely, GTs approach the food cup 

more than STs (p= 0.008), and UP rats did not differ from either STs or GTs. There were no 

significant correlations between the number of lever contacts, for STs, and magazine entries, for 
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GTs, upon re-exposure to the lever-CS and the number of Fos cells in any brain region 

examined.  

 Remifentanil cue. Figures 3.8c and 3.8d show orientation and approach to the 

remifentanil cue on test day, where the remifentanil cue was presented under extinction 

conditions (i.e., no remifentanil was delivered). There were significant group differences in 

conditioned orientation upon presentation of the CS [F(2, 17)= 67.39, p< 0.001]. As during 

training, STs and GTs both oriented more than UP rats (p’s< 0.001). There were also group 

differences in approach to the remifentanil cue [F(2, 17)= 13.52, p< 0.001]. STs approached the 

remifentanil cue more than GTs or UP rats (p’s< 0.05), which did not differ from one another. 

Correlational analyses revealed no significant relationship for STs between the probability of 

approaching the light-CS and the number of Fos cells in any brain region examined.     

Fos immunoreactivity 

Data in Figures 3.9-3.12 represent the mean (± SEM) number of Fos-positive cells in STs and 

GTs, exposed to either the food or the REMI cue, expressed as a percent of Fos-positive cells in 

the relevant Unpaired (UP) control group. However, the actual cell counts for each group are 

shown in Table 3.1, and one-way ANOVAS were conducted on the actual number of Fos cells as 

a function of group, and not the percent data. The graphs depict the data as a percent of the 

Unpaired group to decrease the number of bars used in each graph and to thus facilitate visually 

making group comparisons. 

 Orbitofrontal cortex (OFC). There were no significant group differences in Fos 

expression in the OFC elicited by either the food or REMI cue [food cue: F(2, 14)= 2.707, p= 

0.101; REMI cue: F(2, 15)= 1.922, p= 0.181; Fig. 3.9]. 
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 Nucleus accumbens. The nucleus accumbens was divided into the core and shell 

subregions. There were significant group differences in Fos expression in the shell among both 

the food and REMI cue groups [food cue: F(2, 14)= 43.933, p< 0.001; REMI cue: F(2, 15)= 

18.968, p< 0.001; Fig. 3.10a]. STs showed greater Fos expression in response to the food cue 

relative to GTs or the UP group (p’s< 0.001). Additionally, presentation of the food cue 

increased Fos expression in GTs relative to the UP group (p= 0.039). Presentation of the REMI 

cue induced greater Fos expression in STs relative to GTs or the UP group (p’s< 0.001), which 

did not differ from one another. 

There were also significant group differences in Fos expression in the core among both 

the food and REMI cue groups [food cue: F(2, 14)= 53.541, p< 0.001; REMI cue: F(2, 15)= 

26.363, p< 0.001; Fig. 3.10b]. STs showed greater Fos expression in response to both the food 

and REMI cues relative to GTs or the UP groups (p’s< 0.001), which did not differ from one 

another. 

Dorsal Striatum. The dorsal striatum was divided into dorsolateral and dorsomedial 

subdivisions. There were significant group differences in Fos expression in the dorsomedial 

portion of the dorsal striatum among both the food and REMI cue groups [food cue: F(2, 14)= 

21.602, p< 0.001; REMI cue: F(2, 15)= 8.563, p= 0.003; Fig. 3.10c]. STs showed greater Fos 

expression in response to the food cue relative to GTs or the UP group (p’s< 0.002). 

Additionally, presentation of the food cue increased Fos expression in GTs relative to the UP 

group (p= 0.04). In STs, presentation of the REMI cue induced greater Fos expression relative to 

GTs or the UP group (p’s< 0.02), which did not differ from one another. 

There were also significant group differences in Fos expression in the dorsolateral portion 

of the dorsal striatum after exposure to either the food and REMI cue [food cue: F(2, 14)= 
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11.631, p= 0.001; REMI cue: F(2, 15)= 11.812, p= 0.001; Fig. 3.10d]. In STs, presentation of 

either the food or REMI cue increased Fos expression in the dorsolateral striatum relative to GTs 

or the UP group (p’s< 0.009), which did not differ from one another. 

 Amygdala. The amygdala was divided into the basolateral nucleus (BLA) and the central 

nucleus (CeA). In the CeA there were significant group differences in Fos expression elicited by 

the food cue, but not by the REMI cue, [food cue: F(2, 14)= 6.055, p= 0.013; REMI cue: F(2, 

15)= 0.565, p= 0.58; Fig. 3.11a]. STs, in response to presentation of the food cue, showed an 

increase in Fos expression relative to the UP group (p= 0.004). While GTs and UP rats were not 

statistically different, there was a trend towards increased Fos expression in GTs relative to the 

UP group (p= 0.065).      

Presentation of both the food and REMI cue evoked greater Fos expression in the BLA 

[food cue: F(2, 14)= 37.193, p< 0.001; REMI cue: F(2, 15)= 9.273, p= 0.002] in STs relative to 

GTs or the UP groups (p’s< 0.008), which did not differ from one another (Fig. 3.11b). 

  Paraventricular nucleus of the thalamus. There were significant group differences in Fos 

expression in the paraventricular nucleus of the thalamus after exposure to both the food and 

REMI cue [food cue: F(2, 14)= 13.056, p= 0.001; REMI cue: F(2, 15)= 8.888, p= 0.003; Fig. 

3.12]. In response to both the food and REMI cue, STs had greater Fos expression than either 

GTs or the UP groups (p’s< 0.004), which did not differ from one another.  

Discussion 

 We found that there is considerable individual variation in the extent to which a cue 

associated with an intravenous injection of the μ-opioid agonist, remifentanil, acquires properties 

of an incentive stimulus. First, relative to GTs, STs were more attracted to a classically 

conditioned remifentanil cue, in that they showed a higher probability of approaching into close 
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proximity with it. Second, STs found the remifentanil cue more desirable, in that it was more 

effective in reinforcing actions to get access to it in STs than GTs. We next wanted to begin to 

explore the neural circuitry underlying these behavioral differences. In experiment 3, we found 

that conditioned approach to a remifentanil cue requires intact dopamine signaling within the 

nucleus accumbens core. Finally, in experiment 4, we report that in order for either a food- or a 

remifentanil-associated cue to engage mesocorticolimbic and cortico-striatal-thalamic circuitry it 

must be imbued with incentive salience, as indicated by the fact that such cues induced Fos 

protein expression preferentially in STs in all brain regions studied.  

Individual variation in the extent to which an opioid cue acquires incentive salience 

We have reported previously that a discrete, localizable cocaine cue is more effective at 

eliciting approach behavior, is a more effective conditioned reinforcer, and is more effective in 

evoking a state of conditioned motivation that spurs drug-seeking behavior, in STs than GTs 

(Flagel et al. 2010; Saunders and Robinson 2010; Saunders et al. 2013; Yager and Robinson 

2013). We do not know, however, the extent to which this effect generalizes across drug classes. 

It was recently established that rats will approach a cue associated with an intravenous injection 

of heroin (Madsen and Ahmed 2014; Peters and De Vries 2013) and that rats will acquire a novel 

response (i.e., nose poke) that produces a cue previously associated with the opioid remifentanil 

(i.e., it served as a conditioned reinforcer; Bertz and Woods 2013). However, in these studies, 

there was considerable variation in the behavioral responses they measured and we hypothesized 

that some of this variation may be due to differences in the extent to which the opioid cue 

acquired incentive salience. To begin to address this question, we asked whether variation in the 

propensity to attribute incentive salience to a food cue predicts the propensity to attribute 

incentive salience to a cue associated with the opioid remifentanil. First, we found that STs and 
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GTs differed in the extent to which the remifentanil cue became attractive as measured by the 

ability of the cue to elicit approach into close proximity to it. We found that with the low dose of 

remifentanil GTs did not acquire a conditioned approach response, although with a higher dose 

they did begin to approach, although to a lesser extent than STs. Second, the remifentanil cue 

was a more effective conditioned reinforcer in STs than GTs in that STs made more responses to 

earn presentation of the remifentanil cue. These results suggest that like cues associated with 

food and cocaine, there is individual variation in the extent to which an opioid cue comes to 

motivate behavior, and this is predicted by the extent to which a food cue is attributed with 

incentive salience. 

 While we show that STs and GTs differ in the extent to which an opioid cue becomes 

attractive and desired, one question that remains is whether these differences are due to the 

ability of STs and GTs to learn the CS-US association. As we have previously discussed, one 

limitation when using an intravenous injection of drug as the US and approach as the CR is that 

there is no “goal” to approach (Yager and Robinson 2013). Thus, it is difficult to determine 

whether GTs do not readily approach the drug associated cue because it was not attributed with 

sufficient incentive salience or if they failed to learn the CS-US association. To address this 

issue, we quantified another conditioned response, conditioned orientation, as an index of 

whether GTs learned the CS-US association, because previous studies suggest that performance 

of this CR does not require that the CS be attributed with incentive salience (Yager and Robinson 

2013). For example, we recently showed that when cocaine was used as the US, STs and GTs did 

not differ in the acquisition of an orientation CR. We report here that there are also no 

differences between STs and GTs in the acquisition of an orientation CR to presentation of a 

remifentanil cue, though there were differences in the extent to which the cue elicited approach 
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behavior into close proximity to it. Therefore, we suggest the reason GTs did not readily 

approach the remifentanil cue is not because they failed to learn the CS-US association, as they 

acquired an orientation CR, but because the remifentanil cue was not attributed with sufficient 

incentive salience to attract animals to it. 

Opiates, dopamine, and Pavlovian conditioned approach 

It is generally assumed that the primary rewarding effects of all drugs of abuse are 

mediated by an increase in dopamine release (Luscher and Ungless 2006; Nestler 2005; Pierce 

and Kumaresan 2006). While it has been established that the primary rewarding effects of 

psychostimulants, such as cocaine and amphetamine, are mediated by dopamine release within 

the nucleus accumbens (Roberts et al. 1980), it appears that the same might not be true for the 

primary rewarding effects of opiates (for review see Badiani et al. 2011). For example, systemic 

blockade of dopamine receptors or selective lesions of dopamine terminals within the nucleus 

accumbens effects cocaine self-administration but has little to no effect on heroin self-

administration (Ettenberg et al. 1982; Pettit et al. 1984). While the primary reinforcing effects of 

opiates may not be dopamine dependent, dopamine may be required for the secondary 

(conditioned) reinforcing effects of cues associated with opiate delivery. Therefore, we tested the 

hypothesis that dopamine transmission within the nucleus accumbens core may be necessary for 

the conditioned incentive motivational effects of an opioid (remifentanil) cue. Here, we report 

that endogenous dopamine signaling within the NAc core is in fact necessary for maintaining the 

motivational properties of a remifentanil cue, which makes it an attractive stimulus. 

In addition to the debate over whether the rewarding effects of opiates are mediated by 

dopamine, there is also debate over the role of dopamine in learning. Schultz and colleagues 

have suggested that phasic dopamine signaling acts as a prediction-error signal, which is 
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necessary for stimulus-reward learning (Montague et al. 1996; Schultz 1998; Schultz et al. 1997; 

Waelti et al. 2001). Conversely, others have argued that dopamine is instead involved in 

transforming motivationally “cold”, informational cues (CSs) into “hot”, attractive, and desired 

incentives (Berridge 2007; 2012; Berridge and Robinson 1998; Zhang et al. 2009). Recently, we 

have taken advantage of natural individual variation in the extent to which reward cues acquire 

predictive (GTs) vs. incentive motivational properties (STs) to parse out the role of dopamine in 

stimulus-reward learning and motivated behavior. In two recent studies we showed that 

dopamine transmission is necessary for both the acquisition and expression of a ST CR but not a 

GT CR (Flagel et al. 2011b; Saunders and Robinson 2012). Together these data suggest that 

dopamine transmission is important in regulating the attribution of incentive salience to reward 

cues. We do not know, however, whether dopamine plays a similar role in the ability of drug 

cues to motivate conditioned approach behavior. Our results suggest that endogenous dopamine 

signaling within the accumbens core is also necessary for maintaining the motivational properties 

of drug cues. Furthermore, we also assessed the extent to which flupenthixol administration 

suppressed conditioned approach on the very first trial (i.e., in the absence of any new learning 

via an updated prediction-error signal). We found that flupenthixol suppressed approach 

behavior on the first trial, suggesting that our observed effects were not due to new learning but 

to degradation in the motivational properties of the cue.  

Importantly, we also examined the effect of flupenthixol on conditioned orientation 

behavior. We did this in order to determine whether flupenthixol decreased approach behavior 

because dopamine transmission within the accumbens core is necessary for (1) maintaining the 

motivational properties of the remifentanil cue or (2) for maintaining the learned association 

between illumination of the light-CS and remifentanil delivery. We found that conditioned 
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orientation was not affected by flupenthixol treatment, which is consistent with previous results 

(Saunders and Robinson 2012). This suggests that the CS-US association remained intact and 

that flupenthixol decreased approach behavior because it degraded the motivational properties of 

the cue. These findings, together with our previous reports, suggest that DA transmission within 

the nucleus accumbens core is necessary for maintaining the motivational properties of both food 

and drug associated cues that make them powerful incentives (see also Saunders et al. 2013). 

Individual variation in the engagement of brain reward circuitry by food and drug cues  

There is now a wealth of evidence that cues associated with different classes of rewards 

(e.g., food, drugs, and sex) engage overlapping neural systems, including the mesocorticolimbic 

dopamine system and other cortico-striatal-thalamic loops that comprise a so-called “motive 

circuit” (Childress et al. 1999; Kalivas and Volkow 2005; Kelley et al. 2005; Kuhn and Gallinat 

2011; Schroeder et al. 2001; Tang et al. 2012; Volkow et al. 2008b; Zombeck et al. 2008). For 

example, contextual cues associated with either food or drugs (i.e., morphine or nicotine) elicit 

similar neuronal activation patterns throughout the prefrontal cortex (Kelley et al. 2005; 

Schroeder et al. 2001; Schroeder et al. 2000). However, we have recently shown that there is 

individual variation in the extent to which a food cue can engage this “motive circuit”. Flagel et 

al. (2011a) used in situ hybridization to measure cue-induced expression of c-fos mRNA 

throughout the brains of STs and GT. They found that after Pavlovian training with food as the 

US, presentation of the lever-CS, under extinction conditions, induced greater c-fos mRNA 

expression in the orbitofrontal cortex, dorsal striatum, NAc core and shell, lateral septum, lateral 

habenula, and the paraventricular, intermediodorsal, and central medial nuclei of the thalamus in 

STs relative to GTs or a control group, who received the same number of lever-CS and food 

presentations but in an unpaired manner. These findings suggest that the predictive value of the 
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food cue alone is not sufficient to engage this reward circuitry, but the cue must also be 

attributed with incentive salience. Here, we replicate and expand these findings and show similar 

expression patterns, this time using Fos protein expression as a marker of neuronal activation, in 

response to either a food or remifentanil cue. In almost every region we examined, both the food 

and remifentanil cue elicited greater Fos expression in STs relative to GTs or rats that received 

unpaired (UP) CS-US presentations. Furthermore, there were a number of regions (e.g., NAc 

core, DL striatum, PVT, BLA) where presentation of either the food or remifentanil cue had no 

effect on Fos expression in GTs (i.e., they did not differ from the UP group) while presentation 

of either cue produced robust Fos expression in STs. Together these data support the idea that the 

predictive value of cues is not sufficient to engage the “motive circuit”- the cue must also be 

attributed with incentive salience to do so.  

It is important to note that on the cue exposure test day in Flagel et al. (2011a), the food 

cup was removed from the chamber to isolate the ability of the food cue to elicit c-fos mRNA 

expression. Thus, they could not assess c-fos mRNA expression when a GT CR was made. It is 

possible that approach to the food cup might be sufficient to activate at least some of the same 

brain regions in GTs as in STs. Indeed, some have argued that the food cup may also have 

incentive value (DiFeliceantonio and Berridge 2012; Mahler and Berridge 2009). For this reason, 

we decided to leave the food cup in the chamber on the test day to allow GTs to express their 

CR. In our analysis, we did not find any brain region where Fos expression was greater in GTs 

than in STs. However, we did find that in response to the food cue, Fos expression in the NAc 

shell and dorsomedial striatum was higher in GTs compared to the UP group. We think that this 

difference in Fos expression may be due to the psychological processes underlying goal-tracking 

behavior. We have previously speculated that a more cognitive reward expectation process 
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underlies goal-tracking, and that cognitive representation of the reward produces approach to the 

location of reward (food) delivery which may be more dependent on endogenous opioid 

signaling (Flagel et al. 2011a; Meyer et al. 2012a; Saunders and Robinson 2012; Wassum et al. 

2009). Interestingly, Schiltz et al. (2007) reported that presentation of a food cue increased 

expression of enkephalin mRNA only in the striatum and DiFeliceantonio et al. (2012) recently 

found that enkephalin release within the dorsomedial striatum is involved in the motivation to 

eat. Therefore it is possible that enkephalin release within the striatum may be elicited by a 

cognitive expectation of the food reward, eliciting approach towards the goal in GTs. It is also 

necessary to point out that on each of the three days prior to the cue exposure test day, rats were 

placed into the chambers (with the food cup present) to minimize the influence of any contextual 

cues. These habituation sessions may have decreased the amount of goal-tracking observed on 

the test day, which may have led to less overall Fos expression in GTs. 

It is important to note that we took precautions to minimize any behavioral differences on 

the test day that might confound the interpretation of our results by presenting the cues very 

briefly. However, we did see behavioral differences during the cue re-exposure test. We found 

that STs approached both the food and remifentanil cues while GTs approach the food cup and 

did not approach the remifentanil cue. To determine whether the differences we saw in Fos 

expression were due to differences in motor activity, we conducted correlational analyses 

between Fos expression and the probability of approaching either the food or remifentanil cue or 

approaching the food cup, and found no significant relationship in any brain region we 

examined. Additionally, given that both STs and GTs learn a conditioned orientation CR but UP 

animals do not, we expected to find at least one region where STs and GTs both differed from 

the UP group across both cues (food and remifentanil). In our current analysis, we did not find 
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any region that fulfilled this criterion. There are several candidate regions that may be involved 

in performance of an orientation CR, including the superior colliculus and the medial prefrontal 

cortex (Hasselmo and Sarter 2010; Overton and Dean 1988; Parikh et al. 2007) as these regions 

have been implicated in attention and disengaging animals from ongoing behavior. However, it 

remains to be seen whether the degree to which these regions are engaged by food and drug cues 

are different between STs, GTs, and UP controls.  

Conclusions 

In conclusion, we report that the propensity of an individual to attribute incentive salience 

to a food cue predicts the extent to which a classically conditioned opioid cue becomes attractive 

and desired. The results reported here extend our previous behavioral studies with STs and GTs 

and suggest that the ability of drug cues to acquire control over motivated behavior is similar 

across various classes of drugs (i.e., psychostimulants and opiates). We have only begun to 

understand the neural mechanisms underlying these behavioral differences. Here, we expand on 

our previous work with food cues and show that the ability of an opioid cue to motivate approach 

behavior is also dependent on intact dopamine transmission within the NAc core and that in 

order for either a food or an opioid cue to engage mesocorticolimbic and cortico-striatal-thalamic 

systems they must be imbued with incentive salience. These data suggest that there are specific 

neural patterns of activity associated with attribution of incentive salience to reward cues. 

Further work will need to be done to determine the functional role of regions outside the NAc 

core underlying individual variation in the attribution of incentive salience to reward cues. Our 

data support the notion that different classes of reward cues engage overlapping neural circuitry, 

and this will be an important consideration for developing pharmacological and cognitive-
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behavioral treatments for a variety of impulse control disorders such as addiction, obesity, and 

gambling. 
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Figure 3.1. Individual variation in the development of behavior directed towards the lever-CS 

(sign-tracking) vs. behavior directed towards the food cup during the CS presentation (goal-

tracking). Data are presented as means ±SEM. Panels on the left show the three measures of 

behavior directed towards the lever (sign-tracking behavior). (a) Probability of approaching the 

lever-CS during the 8 s CS period. (b) Number of lever contacts. (c) Latency to the first lever 

contact after the CS presentation. Panels on the right show the three measures of behavior 

directed towards the food cup (goal-tracking behavior). (d) Probability of approaching the food 

cup during the 8 s CS period. (e) Number of food cup entries during the 8 s CS period. (f) 

Latency to the first food cup entry after the CS presentation. For all measures there was a 

significant effect of group (ST or GT), session, and a group x session interaction (p’s< 0.001). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 90 

 

 

 

 



  

 91 

 

Figure 3.2. CS-directed orientation and approach to a cue associated with a non-contingent 

intravenous injection of remifentanil. All Unpaired rats were trained with 3.2 µg/kg remifentanil 

(STs n= 10, GTs n= 11). Data represent means ± SEM. Probability of orientation (a) and 

approach (b) to the remifentanil cue in rats that received 1.6 µg/kg remifentanil as the US (Paired 

STs n= 11, GTs n= 8). Probability of orientation (c) and approach (d) to the remifentanil cue in 

rats that received 3.2 µg/kg remifentanil as the US (Paired STs n= 12, GTs n=10). Dose-response 

functions for the probability of conditioned orientation (e) and approach (f) on the final day of 

training where each data point represents an independent group of rats. UP= unpaired. *, 

indicates a significant group difference between Paired STs and GTs, p< 0.05. 
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Figure 3.3. Performance during the conditioned reinforcement test. In this test, a nose poke into 

one port (Active) resulted in 2 s presentation of the cue either previously paired or unpaired with 

non-contingent remifentanil delivery. Nose pokes into the other port (Inactive) had no 

consequence. All unpaired rats were trained with 3.2 µg/kg remifentanil (STs n= 10, GTs n= 11).  

Data represent the means ± SEM difference in nose pokes into the Active minus Inactive port for 

rats that were trained with (a) 1.6 µg/kg remifentanil (Paired STs n= 11, GTs n= 8) or (b) 3.2 

µg/kg remifentanil (Paired STs n= 12, GTs n=10). *, indicates a significant group difference.  
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Figure 3.4. Effect of flupenthixol (FLU) on locomotor behavior in STs (n= 9). *, indicates a 

significant difference relative to 0 μg dose.   
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Figure 3.5. Effect of flupenthixol (FLU) in STs (n= 9) on performance of conditioned 

orientation and approach to a remifentanil cue. Data are presented as the mean ± SEM. (a) 

Acquisition of CS-directed orientation and approach to a cue associated with a non-contingent 

intravenous injection of 3.2 µg/kg remifentanil in rats that were classified as STs. (b) Probability 

of approaching the remifentanil cue. (c) Probability of approaching the remifentanil cue on the 

very first trial. *, indicates significant difference relative to vehicle. p’s< 0.05. 
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Figure 3.6. Location of microinjection tips within the NAc core relative to bregma for STs (n= 

9) used in experiment 3. 
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Figure 3.7. Behavior directed towards the lever-CS vs. the location of food delivery (food 

magazine) in rats that were classified as STs (n= 6) or GTs (n= 5) or that received unpaired (n= 

6) cue-food presentations. Data represent the means ± SEM. (a) The probability of approaching 

the food cue (lever-CS) across training sessions. (b) The probability of approaching the food 

magazine during the 8 s CS period. On test day, rats were presented with the food cue (lever-CS) 

10 times under extinction conditions (i.e., no food was delivered). (c) The probability of 

approaching the food cue on test day. (d) The probability of approaching the food magazine 

during the CS presentation on test day. UP= unpaired. *, indicates a significant difference 

between STs and GTs. p’s< 0.05.  
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Figure 3.8. CS-directed orientation and approach to a cue associated with a non-contingent 

intravenous injection of 3.2 µg/kg remifentanil in rats that received paired (STs n= 6, GTs n= 6) 

or unpaired (n= 6) cue-drug presentations. Data represent the means ± SEM. (a) The probability 

of orientation to the remifentanil cue across training sessions. (b) The probability to approach the 

remifentanil cue across training sessions. On test day, rats were presented with the remifentanil 

cue (light-CS) 10 times under extinction conditions (i.e., no remifentanil was delivered during 

this test). (c) The probability of orientation to the remifentanil cue on test day. (d) The 

probability to approach the remifentanil cue on test day. UP= unpaired. *, indicates a significant 

difference between STs and GTs. #, indicates a significant difference between STs and UP rats. 

†, indicates a significant difference between GTs and UP rats. p’s< 0.05.  
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Figure 3.9. Mean ± SEM percent of Fos cells relative to the unpaired (UP) groups in the 

orbitofrontal cortex of rats presented with either the food cue (STs n= 6, GTs n= 5) or the REMI 

cue (STs n= 6, GTs n= 6) on test day. Representative atlas image from A-P level +3.2 mm 

anterior to bregma (Paxinos and Watson 1998). There were no significant group differences in 

Fos expression in the orbitofrontal cortex. Dashed lines indicate the percent of Fos cells in 

transport control rats relative to unpaired rats. 
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Figure 3.10. Mean ± SEM percent of Fos cells relative to the unpaired (UP) groups in the 

striatum of rats presented with either the food cue (STs n= 6, GTs n= 5) or the REMI cue (STs 

n= 6, GTs n= 6) on test day. Representative atlas images from A-P levels +1.6 and +0.70 mm 

anterior to bregma (Paxinos and Watson 1998). Abbreviations: NAc, nucleus accumbens; DM, 

dorsomedial; DL, dorsolateral. (a) Presentation of both the food and REMI cue elicited greater 

Fos expression in the NAc shell of STs relative to GTs and UP rats. Post hoc comparisons also 

revealed that presentation of the food cue elicited greater Fos expression in GTs relative to UP 

rats. (b) STs showed greater Fos expression in the NAc core relative to both GTs and UP rats, 

which did not differ from one another, after presentation of either the food and REMI cue. (c) 

Presentation of both the food and REMI cue elicited greater Fos expression in the DM striatum 

of STs relative to GTs and UP rats. Post hoc comparisons also revealed that presentation of the 

food cue elicited greater Fos expression in GTs relative to UP rats. (d) STs showed greater Fos 

expression in the DL striatum relative to both GTs and UP rats, which did not differ from one 

another, after presentation of either the food and REMI cue. Dashed lines indicate the percent of 

Fos cells in transport control rats relative to unpaired rats. *, indicates a significant difference 

between STs and GTs. #, indicates a significant difference between STs and UP rats. †, indicates 

a significant difference between GTs and UP rats. p’s< 0.05.  
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Figure 3.11. Mean ± SEM percent of Fos cells relative to the unpaired (UP) groups in the 

amygdala for rats presented with the food cue (STs n= 6, GTs n= 5) or the REMI cue (STs n= 6, 

GTs n= 6) on test day. Representative atlas image from A-P level -2.56 mm posterior to bregma 

(Paxinos and Watson 1998). Abbreviations: CeA, central nucleus of the amygdala; BLA, 

basolateral nucleus of the amygdala. (a) Presentation of the food cue elicited greater Fos 

expression in the CeA of STs relative to UP rats. There were no significant group differences in 

Fos expression in the CeA of rats presented with the REMI cue. (b) STs showed greater Fos 

expression in the BLA relative to both GTs and UP rats, which did not differ from one another, 

after presentation of either the food and REMI cue. Dashed lines indicate the percent of Fos cells 

in transport control rats relative to unpaired rats. *, indicates a significant difference between STs 

and GTs. #, indicates a significant difference between STs and UP rats. p’s< 0.05. 
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Figure 3.12. Mean ± SEM percent of Fos cells relative to the unpaired (UP) groups in the 

paraventricular nucleus of the thalamus (PVT) of rats presented with the food cue (STs n= 6, 

GTs n= 5) or the REMI cue (STs n= 6, GTs n= 6) on test day. Representative atlas image from 

A-P level -3.3 mm posterior to bregma (Paxinos and Watson 1998). Presentation of both the food 

and REMI cue elicited greater Fos expression in the PVT of STs relative to both GTs and UP 

rats, which did not differ from one another. Dashed lines indicate the percent of Fos cells in 

transport control rats relative to unpaired rats. *, indicates a significant difference between STs 

and GTs. #, indicates a significant difference between STs and UP rats. p’s< 0.05. 
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Table 3.1. Mean ± SEM number of Fos-positive nuclei for each brain region examined in 

experiment 4. 
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Chapter 4 

A nicotine cue is equally attractive to sign-trackers and goal-trackers but differs in its 

conditioned reinforcing properties 

Introduction 

Cues in the environment that are associated with rewards can acquire motivational value 

(become incentive stimuli) and thus gain the ability to exert strong control over behavior. 

However, in a series of recent studies we have found that there is considerable individual 

variation in the extent to which reward cues are attributed with incentive salience (Fitzpatrick et 

al. 2013; Flagel et al. 2007; Meyer et al. 2012a; Robinson and Flagel 2009; Yager and Robinson 

2010). When a discrete localizable cue (the conditioned stimulus, CS) is repeatedly paired with 

delivery of a food reward (the unconditioned stimulus, US), in some rats ('sign-trackers', STs; 

Hearst and Jenkins 1974), the food cue itself becomes attractive eliciting approach and 

engagement with it, and desired, in that rats will work to obtain it. For other rats ('goal-trackers', 

GTs; Boakes 1977), the food cue itself is less attractive, presentation of the cue elicits an initial 

glance followed by approach to the location of food delivery, and is less desired. Thus, while the 

cue is equally predictive in STs and GTs, as it reliably evokes a conditioned response in both, it 

becomes a more attractive and “wanted” incentive stimulus in STs than GTs (for review see 

Robinson et al. 2014; Saunders and Robinson 2013). 

Not only can cues associated with natural rewards acquire incentive motivational 

properties, so can drug-associated cues. Indeed, the ability of cues to motivate behavior is 
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especially problematic in the context of addiction because drug-associated cues can goad 

continued drug-seeking behavior and relapse in addicts (Caggiula et al. 2001; de Wit and Stewart 

1981; Milton and Everitt 2010; Robinson and Berridge 1993; Stewart et al. 1984). Thus, we have 

begun to investigate whether individual variation in the propensity to attribute incentive salience 

to a food cue predicts the extent to which drug cues can also motivate behavior. We have 

recently shown, in two independent studies, that a cocaine-associated cue is more attractive, 

eliciting more approach behavior, in STs than in GTs (Flagel et al. 2010; Yager and Robinson 

2013). Importantly, we also established that even though GTs did not readily approach the 

cocaine cue they learned the CS-US association as shown by acquisition of a different 

conditioned response: conditioned orientation. We have also reported that a discrete cocaine cue 

produces greater reinstatement of drug-seeking behavior in STs than in GTs (Saunders and 

Robinson 2010; Saunders et al. 2013; Yager and Robinson 2013). Furthermore, this was true 

whether the cocaine cue acquired its motivational properties in an instrumental (i.e., traditional 

self-administration paradigm) setting, or using classical Pavlovian conditioning procedures. 

Thus, a cocaine-associated cue is both more attractive and desired in STs than GTs. 

Although there is now considerable evidence that there is individual variation in the 

extent to which a drug associated cue can motivate behavior, all of these studies have been 

conducted using a cue associated with cocaine (Flagel et al. 2010; Meyer et al. 2012b; Saunders 

and Robinson 2010; Saunders et al. 2013; Yager and Robinson 2013) and it remains to be seen 

whether this effect generalizes across drug classes. This is an important question as there are 

several other classes of drugs that are readily abused by humans and which animals will also 

self-administer. Furthermore, work from several labs has shown that cues associated with both 

unsweetened alcohol and heroin can elicit approach behavior (Krank et al. 2008; Madsen and 
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Ahmed 2014; Peters and De Vries 2013; Tomie 2001). The purpose of the experiments reported 

here, therefore, was to extend these findings to another class of highly abused drugs, nicotine. 

We asked, 1) whether rats will approach and work for presentation of a cue associated with 

nicotine, and 2) whether this varies with the degree to which individuals attribute incentive 

salience to a food cue (i.e., in STs vs. GTs)?  

Materials and Methods 

Subjects 

Male Sprague-Dawley rats (initial N= 200; Harlan, Haslett, Michigan) weighing 250-275g upon 

arrival were individually housed in a climate-controlled colony room on a 12-hr light/12-hr dark 

cycle (lights on at 0800 hr). All testing occurred during the light phase of the cycle. Food and 

water were available ad libitum (i.e., rats were not food restricted at any time). Rats were given 

one week to acclimate to the colony room before testing began, during which time the 

experimenter handled them several times. The University of Michigan Committee on the Use 

and Care of Animals approved all procedures. 

Pavlovian training using food as the US 

Apparatus. Behavioral testing was conducted in sixteen standard (22 x 18 x 13 cm) test chambers 

(Med Associates Inc., St. Albans, VT, USA) located in sound attenuating cabinets equipped with 

a ventilating fan to mask background noise. Each chamber was equipped with an illuminated 

retractable lever located 6 cm above a stainless steel grid floor either to the left or right of a 

centrally located food magazine, placed 3 cm above the floor. A red houselight was located on 

the wall opposite of the food cup and remained illuminated throughout the testing session.  

Pavlovian training procedures. Rats were first trained using a Pavlovian conditioned approach 

(PCA) procedure as described previously (Flagel et al. 2007; Yager and Robinson 2013). For two 
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days prior to the start of training, 25 banana-flavored pellets (45 mg; BioServe) were placed into 

the home cage to familiarize the rats with this food. Approximately one week after arrival, rats 

underwent one magazine training session during which the lever remained retracted and 25 

pellets were delivered into the food magazine according to a variable time (VT) 30 s (0-60 s) 

schedule. Subsequently, rats underwent 5 days of Pavlovian conditioning (one session/day). Each 

session consisted of 25 trials during which an illuminated lever (lever-CS) was inserted into the 

chamber for 8 s, after which a single 45-mg banana-flavored pellet (the US) was delivered into 

the food magazine. CS-US pairings occurred on a VT 90 s (30-150 s) schedule. Importantly, no 

instrumental response was required by the rat to initiate delivery of the food pellet. Lever 

deflections, magazine entries, latency to the first lever deflection, and latency to the first 

magazine entry during each CS presentation were recorded using Med Associates software.  

Quantification of behavior using an index of Pavlovian conditioned approach (PCA).  Following 

completion of Pavlovian training, animals were classed into three groups: (1) Those that 

preferentially interacted with the lever-CS (‘sign-trackers’, STs), (2) those that preferentially 

interacted with the food magazine during the lever-CS presentation (‘goal-trackers’, GTs), and 

(3) those that had no strong preference for the lever-CS or food magazine (‘intermediate group’, 

IG). The extent to which behavior was directed towards the lever-CS or the food magazine was 

quantified using a composite Pavlovian conditioned approach (PCA) index, based on 

performance during days 4 and 5 of training, as described previously (Lomanowska et al. 2011; 

Meyer et al. 2012a). The PCA Index score incorporated three measures of conditioned approach 

behavior: (1) the probability of contacting either the lever-CS or food magazine during a trial 

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

during a trial [(#lever deflections - #food magazine entries)/ (#lever deflections + #food 
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magazine entries)]; and (3) the mean latency to contact the lever or enter the food magazine 

during a trial [(magazine contract latency -  lever deflection latency)/8]. This produces values 

ranging from -1.0 to +1.0, where a score of +1 indicates an animal made a ST CR on every trial, 

a score of -1 that an animal made a GT CR on every trial, and a score of 0 that an animal 

distributed ST and GT responses equally. For purposes of classification, rats with scores of -1.0 

to -0.3 were operationally defined as GTs and rats with scores of +0.3 to +1.0 were defined as 

STs. Rats that were within the range of -0.29 to +0.29, whose behavior vacillated between the 

lever-CS and food magazine, were classified as intermediates (IGs) and were not used further 

because we were interested in comparing rats that differed strongly in their propensity to 

attribute incentive salience to food cues (Meyer et al. 2012a).  

Pavlovian approach using nicotine as the US 

Surgery. Following Pavlovian training using food as the US, chronic indwelling catheters were 

implanted into the jugular vein of STs and GTs as described previously (Crombag et al. 2000). 

Catheter patency was tested before the first training session and again after the last training 

session by intravenous injection of 0.2 ml of methohexital sodium (10 mg/ml in sterile water; 

JHP Pharmaceuticals). Rats were removed from the analysis if they failed to become ataxic 

within 5 s of injection (STs n= 1, GTs n= 4).  

Apparatus. Behavioral testing was conducted in chambers identical to those used to screen 

animals for ST and GT, except the food magazine and lever were removed from the chamber and 

two stimulus lights were placed on the left and right sides of the wall opposite the white 

houselight, 13.5 cm above the stainless steel grid floor. The side of the stimulus light designated 

to serve as a CS (i.e., to be paired with nicotine infusion) was counterbalanced between rats. A 

syringe pump, located outside the sound attenuating chamber and connected to rats’ catheter 
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back ports, delivered nicotine infusions. The infusion tubing was suspended into the chamber via 

a swivel mechanism, which allowed rats’ free movement in the chamber. 

Pavlovian training procedures. Pavlovian training procedure were similar to those described 

previously (Yager and Robinson 2013). Prior to training rats were assigned to either the Paired 

(CS and US presented together) or Unpaired groups (US explicitly not paired with presentation 

of the CS). Before Pavlovian training began, rats were first habituated to the presentation of the 

stimulus light (light-CS) and infusion procedure to decrease otherwise high levels of responding 

to what were novel stimuli (Uslaner et al. 2006). The habituation session consisted of 25 trials 

(VT 90 s schedule) during which both stimulus lights were simultaneously illuminated for 10 s 

and coincided with activation of the infusion pump and an intravenous (IV) infusion of saline (50 

µL delivered over 2.8 s). Starting the next day, rats underwent 15 days of Pavlovian conditioning 

using nicotine as the US. Each session consisted of 8 trials (CS-US presentations) occurring on a 

VT schedule with a mean of 900 s (840-960 s). This long inter-trial interval (ITI) was chosen 

since nicotine, as opposed to a food pellet, has relatively long-lasting neurobiological and 

interoceptive effects. Thus, in order to have more discrete CS-US pairings, a long ITI is 

necessary (see Uslaner et al. 2006 for discussion). For rats in the Paired groups, each light-CS 

presentation was paired with an intravenous infusion of 7.5, 15, or 25 µg/kg of a nicotine 

solution (bitartrate salt, calculated on the weight of the base and dissolved in 0.9% saline, pH 

adjusted to 7.2-7.4, delivered in 50 µl over 2.8 s). Independent groups of rats were used for each 

dose of nicotine tested. Each trial consisted of illumination of the CS for 10 s and nicotine 

delivery coincided with the onset of the CS. No action was required by the rat to initiate either 

illumination of the light or the nicotine injection. These testing parameters were selected as we 

have previously shown, using identical methods, that when cocaine is used as the US rats will 
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approach the CS (Flagel et al. 2010; Uslaner et al. 2006; Yager and Robinson 2013). Rats in the 

Unpaired group received non-contingent infusions of 25 µg/kg nicotine that were explicitly not 

paired with illumination of the CS (nicotine was administered on a VT schedule with a mean of 

180 s after the CS was extinguished). We opted to only use the highest dose of nicotine for the 

Unpaired animals as this was the dose that produced the most behavior in the Paired rats.  

Video analysis. Video was scored offline by an observer blind to the experimental condition for 

two different conditioned responses (CRs) as described previously (Yager and Robinson 2013). 

(1) Conditioned orientation: an orientation response was scored if the rat made a head and/or 

body movement in the direction of the CS during the CS period, regardless of whether the rat 

approached the CS. (2) Conditioned approach: an approach response was scored if during the CS 

period a rat moved towards the CS, bringing its nose to within 1cm of the light. Due to the 

location of the cue light within the chamber, a rat had to rear, lifting both paws off the floor, in 

order to bring its nose within 1 cm of the light. It is important to note that if an approach 

response was scored on a given trial an orientation response would also be scored, as orientation 

always preceded approach. However, an orientation response could occur in the absence of an 

approach response.  

Test for conditioned reinforcement 

One week following the last training session with nicotine as the US all rats underwent a single 

40 min test for conditioned reinforcement. During this test, the cue light was relocated to the 

middle of the front wall and was flanked by two nose-poke ports. Responses into one of the ports 

(Active) resulted in illumination of the nicotine cue (light-CS) for 2 s. Responses into the other 

port (Inactive) had no consequence. No nicotine was delivered during this test. 
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Statistical analysis 

Linear mixed-models (LMM) analysis was used for all repeated measures data (Verbeke and 

Molenberghs 2000). The covariance structure was explored and modeled for each dependent 

variable. Analysis of variance was used to analyze dose-response data for conditioned 

orientation, conditioned approach, and to compare responding during conditioned reinforcement. 

When main effects were found post hoc comparisons were made using Fisher’s LSD test. 

Statistical significance was set at p< 0.05. 

Results 

Individual variation in Pavlovian conditioned approach behavior to a food cue 

As expected from previous studies (Flagel et al. 2007; Meyer et al. 2012a; Robinson and Flagel 

2009; Saunders and Robinson 2012), two distinct phenotypes emerged as a result of Pavlovian 

training using food as the US. Figure 4.1 shows the performance of rats classified as STs or GTs 

based on the PCA index as described in the “Methods” section. Across training, STs came to 

reliably and rapidly approach the lever-CS (Fig. 4.1a, c) and they vigorously engaged it (Fig. 

4.1b). In contrast, GTs rarely approached the lever-CS, but upon its presentation they instead 

reliably and rapidly approached the food cup (Fig. 4.1d, f), which they vigorously engaged (Fig. 

4.1e).  

A nicotine cue is equally attractive to STs and GTs 

When a drug is used as the US, rats rarely physically engage the CS. Instead, a sign-tracking CR 

consists of approach to the vicinity of the CS, and sniffing and investigation of it (Flagel et al. 

2010; Uslaner et al. 2006; Yager and Robinson 2013). Thus, when using nicotine as the US, we 

scored a CS-directed approach response (a ST CR) if a rat brought its nose to within 1 cm of the 

light-CS during the CS period, which required it to rear. In contrast, conditioned orientation was 



  

 113 

defined as a head and/or body movement in the direction of the light-CS upon CS presentation, 

regardless of whether an animal approached it.  

Conditioned orientation (7.5 µg/kg). Figure 4.2a illustrates the probability of conditioned 

orientation across training sessions when using 7.5 µg/kg nicotine as the US. With this dose 

neither Paired STs nor GTs acquired a conditioned orientation response as the probability of 

making an orientation CR did not increase across sessions [F(2, 40.94)= 2.5, p= 0.09]. However, 

both STs and GTs oriented significantly more relative to their respective Unpaired control 

groups [effect of pairing; STs: F(1, 50.86)= 45.75, p< 0.001; GTs: F(1, 51.73)= 20.78, p< 

0.001]. 

Conditioned approach (7.5 µg/kg). Figure 4.3a shows that when using 7.5 µg/kg nicotine as the 

US neither Paired STs nor GTs acquired a conditioned approach response, as indicated by a non-

significant effect of session [F(2, 51.83)= 1.6, p= n.s.]. This result is consistent with the fact that 

neither STs nor GTs acquired a conditioned orientation response, as an orientation must precede 

an approach response. Furthermore, approach behavior did not differ between Paired and 

Unpaired groups. 

Conditioned orientation (15 µg/kg). Figure 4.2b illustrates that when using 15 µg/kg nicotine as 

the US both Paired STs and GTs acquired a conditioned orientation response, as indicated by a 

significant increase in the probability of orientation behavior across sessions [F(2, 27)= 14.76, 

p< 0.001], and the two groups did not differ. In addition, both STs and GTs showed a significant 

increase in probability of orienting to the nicotine cue across sessions, relative to their respective 

Unpaired control groups [pairing x session interaction; STs: F(2, 20)= 2.67, p= 0.03; GTs: F(2, 

21)= 7.56, p= 0.003]. 
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Conditioned approach (15 µg/kg). Fig. 4.3b shows that both Paired STs and GTs acquired a 

conditioned approach response across sessions when using 15 µg/kg nicotine as the US [F(2, 

50.65)= 6.04, p= 0.004], and the two groups did not differ. Furthermore, both STs and GTs 

approached the nicotine cue more than their respective Unpaired control groups [effect of 

pairing; STs: F(1, 44.45)= 4.77, p= 0.03; GTs: F(1, 23.39)= 7.44, p= 0.01]. 

Conditioned orientation (25 µg/kg). Figure 4.2c shows that when using 25 µg/kg nicotine as the 

US both Paired STs and GTs acquired a conditioned orientation response, as indicated by a 

significant increase in the probability of orienting behavior across sessions [F(2, 64.54)= 42.39, 

p< 0.001], and the two groups did not differ. In addition, both STs and GTs showed a significant 

increase in conditioned orientation to the nicotine cue across sessions, relative to their respective 

Unpaired control groups [pairing x session interaction; STs: F(2, 48.75)= 14.9, p< 0.001; GTs: 

F(2, 46.65)= 9.17, p< 0.001]. 

Conditioned approach (25 µg/kg). Figure 4.3c illustrates the probability of conditioned approach 

across training sessions when using 25 µg/kg nicotine as the US. Fig. 4.3c shows that both STs 

and GTs acquired a conditioned approach response [effect of session, F(2, 59.95)= 15.81, p< 

0.001] and the two groups did not differ in this response. In addition, both STs and GTs 

approached the nicotine cue more than their respective Unpaired control groups [effect of 

pairing; STs: F(1, 21.31)= 8.1, p= 0.01; GTs: F(1, 25.62)= 7.2; p= 0.01]. Importantly, neither 

STs nor GTs in the Unpaired groups developed an orienting or an approach CR. 

Latency to approach (25 µg/kg). When using 25 µg/kg nicotine as the US, we saw the most 

consistent change in approach behavior across sessions. Thus, we also analyzed the latency to 

approach the nicotine cue. As can be seen in Figure 4.4, the latency to approach the nicotine cue 

decreased across sessions [F(2, 31.03)= 13.95, p< 0.001], and this did not differ between groups. 
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Dose-response analysis. Figures 4.2d and 4.3d summarize the dose-response functions for the 

probability of conditioned orientation and conditioned approach on the final day of training. For 

conditioned orientation a two-way analysis of variance (ANOVA) revealed that there were no 

differences between STs and GTs, and the probability of this CR increased as a function of dose 

in both groups [F(2, 78)= 16.49, p< 0.001]. Similarly, as shown in Fig. 4.3d, the nicotine cue 

elicited similar approach behavior in STs and GTs and the probability of an approach CR 

increased as a function of dose in both groups [F(2, 78)= 13.62, p< 0.001]. We separately 

analyzed conditioned approach dose-response data for STs and GTs and included Unpaired 

control animals in this analysis. A one-way ANOVA showed a significant effect of treatment 

group for both STs and GTs [STs, F(3, 45)= 6.15, p= 0.001; GTs, F(3, 47)= 6, p= 0.002]. 

However, post hoc analysis (Fisher’s LSD) revealed that, on the final day of testing, Paired STs 

differed from Unpaired STs at both 15 and 25 µg/kg (p’ s< 0.05) but not at the lowest dose (p= 

0.87). However, Paired GTs only differed from Unpaired GTs at the highest dose tested [7.5 

µg/kg, p= 0.4; 15 µg/kg, p= 0.15; 25 µg/kg, p= 0.01].    

A nicotine cue is a more effective conditioned reinforcer in STs than GTs 

Following one week of forced abstinence, all rats underwent a single test for conditioned 

reinforcement. During this test, during which no nicotine was delivered, the nicotine cue (light-

CS) was relocated to the middle of the wall and was flanked by two nose-poke ports. Responses 

into the Active port produced presentation of the light-CS previously either paired or unpaired 

with nicotine infusions while responses into the Inactive port had no consequence. Figure 4.5 

shows the mean difference in nose pokes into the Active minus Inactive port during the 

conditioned reinforcement test. As can be seen in Figures 4.5a and 4.5b, when 7.5 or 15 µg/kg 

nicotine was used as the US during Pavlovian conditioning, Paired STs and GTs did not differ in 
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the extent to which they would work for the nicotine cue [group x port interaction, 7.5 µg/kg: 

F(1, 22)= 1.09, p= 0.31; 15 µg/kg: F(1, 27)= 0.26, p= 0.62]. However, when 25 µg/kg nicotine 

was used during training, STs responded more for presentation of the nicotine cue than GTs, as 

indicated by a significant group x port interaction [F(1, 29)= 4.606, p= 0.04]. For rats in the 

Unpaired condition, there were no significant differences between groups.  

 Figure 4.5d summarizes the dose-response function for the conditioned reinforcement 

test. We separately analyzed conditioned reinforcement dose-response data for STs and GTs. 

Across doses, for GTs, there were no significant differences between the number of active minus 

inactive nose pokes [F(2, 42)= 1.11, p= 0.34]. However, the degree to which STs worked for 

presentation of the nicotine cue varied as a function of dose [F(2, 40)= 3.35, p= 0.046]. Post-hoc 

analysis (Fisher’s LSD) revealed that STs that were trained with 25 µg/kg nicotine significantly 

more nose pokes into the active than the inactive port than STs trained with 7.5 µg/kg (p= 

0.015). STs that were trained with 15 µg/kg did not differ for STs trained with either 7.5 or 25 

µg/kg (p’s > 0.05). 

Discussion 

We previously reported that individual variation in the propensity to attribute incentive 

salience to a food cue predicts the extent to which a cocaine cue acquires incentive motivational 

properties (Flagel et al. 2010; Meyer et al. 2012b; Saunders and Robinson 2010; Saunders et al. 

2013; Yager and Robinson 2013). Here, we asked whether there is similar individual variation in 

the extent to which a cue associated with intravenous nicotine delivery acquires motivational 

properties. First, we found that when associated with an intravenous injection of nicotine, a light 

cue became attractive, eliciting both orientation towards it and approach into close proximity 

with it. However, in contrast to our findings with cocaine, we found that the nicotine cue was 
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equally attractive in STs and GTs, eliciting dose-dependent approach behavior in both. 

Therefore, by this measure it would seem that the nicotine cue was attributed with incentive 

salience to the same extent in STs and GTs. However, we also assessed the incentive stimulus 

properties of the nicotine cue using a different test – the ability to act as a conditioned reinforcer. 

On this test there was a difference in the performance of STs and GTs. The nicotine cue was a 

more effective conditioned reinforcer in STs than in GTs, at least at the highest dose tested, 

which is consistent with previous findings that used cocaine as the US (Meyer et al. 2012b; 

Saunders and Robinson 2010; Yager and Robinson 2013). Thus, the extent to which a food cue 

was attractive predicted some, but not other, incentive properties of a nicotine cue. 

There is considerable evidence that classically conditioned food cues can be imbued with 

incentive salience, eliciting approach behavior (Brown and Jenkins 1968; Davey and Cleland 

1982; Hearst and Jenkins 1974), but it has been shown only recently that classically conditioned 

drug cues can also elicit approach behavior (Everitt and Robbins 2005; Uslaner et al. 2006). The 

first demonstration of this was by Tomie and colleagues (Tomie 2001; Tomie et al. 2003) who 

reported that rats would approach a cue associated with a sweetened ethanol solution. Although 

Tomie included a number of controls suggesting otherwise, there was some concern as to 

whether rats approached the cue because it was associated with drug (ethanol) or because it was 

associated with a sweet solution. Supporting Tomie’s original reports, Krank et al. (2008) later 

reported that rats also learned to approach an unsweetened ethanol solution. Initial attempts to 

determine if rats would learn to approach a cue associated with intravenous (IV) cocaine delivery 

were unsuccessful (Kearns and Weiss 2004). There are a number of reasons why this may have 

been the case (see Uslaner et al. 2006 for discussion), as there have now been several studies 

reporting that rats will approach a cue associated with an IV injection of cocaine (Aragona et al. 
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2009; Flagel et al. 2010; Uslaner et al. 2006; Yager and Robinson 2013) or heroin (Madsen and 

Ahmed 2014; Peters and De Vries 2013). The results reported here add nicotine to that list, 

indicating that animals will approach not only cues associated with food reward but also cues 

associated with drugs from a number of different classes.  

Another goal of the present experiment was to determine if there is individual variation in 

the extent to which a classically conditioned nicotine cue acquires incentive salience. We found 

that the nicotine cue was equally attractive to STs and GTs but differed in its ability to serve as a 

conditioned reinforcer. What could account for this difference between conditioned approach and 

conditioned reinforcement? Caggiula and others have argued that the ability of nicotine to 

influence behavior involves three dissociable factors: 1) the ability of nicotine to act as a primary 

reinforcer, 2) the ability of nicotine to transform a neutral stimulus into a conditioned stimulus 

capable of acting as a conditioned reinforcer, and 3) the ability of nicotine to act as a 

“reinforcement enhancer” or an “incentive amplifier” (Bevins and Palmatier 2004; Caggiula et 

al. 2009; Chaudhri et al. 2006; Liu et al. 2007; Palmatier et al. 2007). We will address these 

points in relation to our findings. First, while nicotine is a primary reinforcer, it is a relatively 

weak one. For example, nicotine supports very low levels of self-administration behavior in the 

absence of any discrete cues (Chaudhri et al. 2007; Donny et al. 2003; Le Foll and Goldberg 

2006; Sorge et al. 2009). In fact, several self-administration studies have shown that when a cue 

is paired with nicotine delivery rats will readily self-administer nicotine but removal of the 

nicotine-paired cue dramatically diminishes self-administration behavior (Caggiula et al. 2001; 

2002; Sorge et al. 2009). This suggests that cues associated with nicotine delivery are at least as 

important as nicotine itself in maintaining self-administration behavior. Thus, it is possible that 

because nicotine is a weak primary reinforcer the nicotine cue becomes especially salient in all 
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animals, eliciting approach behavior. However, this explanation does not account for the 

difference that we saw in the ability of the nicotine cue to serve as a conditioned reinforcer.  

In addition to nicotine acting as a primary reinforcer and establishing cues as conditioned 

reinforcers (Palmatier et al. 2008; Palmatier et al. 2007), nicotine can also directly amplify the 

incentive properties of cues, and thus has been termed an “incentive amplifier” (Bevins and 

Palmatier 2004; Caggiula et al. 2009; Palmatier et al. 2012). For example, systemic injections of 

nicotine can enhance the ability of a conditioned stimulus to attract (Guy and Fletcher 2013; 

Palmatier et al. 2013) and to serve as a conditioned reinforcer (Guy and Fletcher 2013; Olausson 

et al. 2004; Palmatier et al. 2007). Nicotine can even enhance the incentive properties of 

unconditioned stimuli (Chaudhri et al. 2007; Donny et al. 2003). Importantly, nicotine amplifies 

the incentive value of cues “on-the-fly” as discontinuation of nicotine treatment reverses the 

enhancement of approach behavior (Guy and Fletcher 2013). This property of nicotine, the 

ability to enhance the incentive motivational properties of cues, may help to interpret our results. 

During Pavlovian conditioning, when nicotine was on board, nicotine may have acted as an 

incentive amplifier, enhancing the motivational properties of the cue. This would have the effect 

of making the cue an attractive stimulus and therefore eliciting approach in both STs and GTs. 

However, during the conditioned reinforcement test, when no nicotine was on board, it was 

revealed that STs attributed more incentive salience to the nicotine cue than GTs, as STs worked 

more avidly for presentation of the cue. Thus, the ability of nicotine to act as an incentive 

amplifier may have masked any differences between STs and GTs in the extent to which the 

nicotine cue acquired incentive salience as measured by conditioned approach. Consistent with 

this hypothesis, other incentive amplifiers, such as amphetamine and yohimbine (Feltenstein and 
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See 2006; Robbins 1978), have been found to increase the incentive value of reward-associated 

cues to the same extent in STs and GTs (Meyer et al. 2014). 

It is important to point out that rats in the Unpaired group, who received non-contingent 

IV infusions of nicotine that were explicitly not paired with presentation of the cue light, did not 

acquire a conditioned approach CR. At first this may seem to be in contract to recent findings 

where non-contingent nicotine delivery increased responding for a visual stimulus that was not 

associated with any other reward besides illumination of the cue light (Donny et al. 2003). Based 

on these data, it might be assumed that in our study rats that received unpaired CS-US pairings 

during Pavlovian training would also approach the cue light if nicotine generally amplifies the 

incentive value of cues. However, in the study conducted by Donny et al. (2003), rats had to 

actively work for presentation of the visual stimulus which is quite different than the situation 

here. Additionally, previous work has shown that rats find light stimuli inherently reinforcing 

and will sustain instrumental responding for the light stimulus even in the absence of any other 

reinforcer (Olsen and Winder 2009; Stewart 1960). Thus, in the Donny et al. (2003) study, 

nicotine may be acting to enhance the unconditioned reinforcing properties of the visual 

stimulus.  

In conclusion, we report that the propensity of an individual to attribute incentive salience 

to a food cue predicts the extent to which a nicotine cue can serve as a conditioned reinforcer but 

not the extent to which a nicotine cue becomes attractive. This dissociation in the ability of a 

nicotine cue to motivate behavior may be due to the ability of nicotine to directly amplify the 

incentive value of cues. Importantly, these data highlight the necessity of studying multiple 

properties of an incentive stimulus as these properties are psychologically and neurobiologically 

dissociable (Cardinal et al. 2002; Everitt and Robbins 2005; Milton and Everitt 2010). The 
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present data are also interesting to think about in terms of a recent study in human smokers. 

Mahler and de Wit (2010) found that smokers who reported the highest craving when presented 

with food cues when food deprived also reported the highest craving when presented with 

smoking cues during abstinence (see also Styn et al. 2013). Thus, some human individuals may 

also be more susceptible to the motivating effects of nicotine-associated cues during abstinence 

(i.e., no nicotine on board), making them more likely to relapse. The results reported here extend 

our previous studies with STs and GTs and suggest that the ability of drug cues to acquire 

properties of an incentive stimulus varies by the type of drug (i.e., cocaine or nicotine). It will be 

important to further understand the psychological and neurobiological mechanisms that underlie 

individual variation in susceptibility to addiction as well as differences between drug classes in 

order to develop more targeted treatments. 
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Figure 4.1. Behavior directed towards the lever-CS (sign-tracking, ST) vs. behavior directed 

towards the food cup during the CS presentation (goal-tracking, GT). Data are presented as 

means ± SEM for: (a) probability of approaching the lever-CS during the 8 s CS period [#trials 

with a lever-CS contact/#trials per session], (b) number of lever contacts, (c) latency to first lever 

contact after CS presentation, (d) probability of approaching the food magazine during the 8 s CS 

period [#trials with a food cup entry/#trials per session], (e) number of food magazine entries 

during the 8 s CS period, and (f) latency to the first food cup entry after CS presentation. For all 

measures there was a significant effect of group (ST or GT), session, and a group x session 

interaction (p’s < 0.001). 
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Figure 4.2. Probability of conditioned orientation to a cue associated with a non-contingent 

intravenous injection of nicotine. Data are illustrated as the mean ± SEM. All unpaired rats were 

trained with 25 μg/kg nicotine (STs n= 8, GTs n= 8). (a) Conditioned orientation in rats that 

received 7.5 μg/kg nicotine (Paired STs n= 12, GTs n= 12). (b) Conditioned orientation in rats 

that received 15 μg/kg nicotine (Paired STs n= 15, GTs n= 16) (c) Conditioned orientation in rats 

that received 25 μg/kg nicotine (Paired STs n= 14, GTs n= 15). (d) Dose-response function for 

the probability of conditioned orientation on the final day of training where each data point 

represents an independent group of rats. UP= unpaired. 
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Figure 4.3. Probability of conditioned approach to a cue associated with a non-contingent 

intravenous injection of nicotine. Data are illustrated as the mean ± SEM. All unpaired rats were 

trained with 25 μg/kg nicotine (STs n= 8, GTs n= 8). (a) Conditioned approach in rats that 

received 7.5 μg/kg nicotine (Paired STs n= 12, GTs n= 12). (b) Conditioned approach in rats that 

received 15 μg/kg nicotine (Paired STs n= 15, GTs n= 16). (c) Conditioned approach in rats that 

received 25 μg/kg nicotine (Paired STs n= 14, GTs n= 15). (d) Dose-response function for the 

probability of conditioned approach on the final day of training where each data point represents 

an independent group of rats. UP= unpaired. 
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Figure 4.4. Latency to approach a cue associated with an intravenous injection of 25 μg/kg 

nicotine (Paired: STs n= 14, GTs n= 15; Unpaired: STs n= 8, GTs n= 8). P= paired, UP= 

unpaired. 
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Figure 4.5. Performance during the test for conditioned reinforcement. During this test a nose 

poke into the active port resulted in presentation of the cue either previously paired or unpaired 

with non-contingent nicotine delivery for 2 sec. Data represent the mean ± SEM difference in 

nose pokes into the Active minus Inactive port for rats that were trained with (a) 7.5 μg/kg 

nicotine (Paired STs n= 12, GTs n= 12), (b) 15 μg/kg nicotine (Paired STs n= 15, GTs n= 16), or 

(c) 25 μg/kg nicotine (Paired STs n= 14, GTs n= 15). (d) Dose-response function for the 

difference in Active minus Inactive responses during the conditioned reinforcement test where 

each data point represents an independent group of rats. All unpaired rats were trained with 25 

μg/kg nicotine (STs n= 8, GTs n= 8). P= paired, UP= unpaired. Asterisk indicates a significant 

group difference between STs and GTs, p< 0.05. 
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Chapter 5 

General Discussion 

 The experiments described in this dissertation explored individual variation in the 

motivational properties of classically conditioned drug cues and the neurobiological correlates 

underlying this individual variation. 

Individual variation in the attribution of incentive salience to classically (Pavlovian) 

conditioned drug cues

 In a series of recent studies we have shown that a food cue becomes more attractive, 

eliciting approach, and is a more effective conditioned reinforcer in some rats (sign-trackers, 

STs) than in other rats (goal-trackers, GTs; Flagel et al. 2007; Meyer et al. 2012a; Robinson and 

Flagel 2009; Yager and Robinson 2010).  We have suggested that these behavioral differences 

are due to differences in the extent to which individuals attribute incentive salience to reward 

cues. Furthermore, we have also shown that a discrete, localizable cocaine cue acquires greater 

control over self-administration behavior, is a more effective conditioned reinforcer, and spurs 

drug-seeking behavior to a greater degree in STs than in GTs (Saunders and Robinson 2010; 

Saunders et al. 2013). However, in both of these latter studies, the cocaine cue acquired its 

motivational properties in an instrumental setting (i.e., animals made responses which resulted in 

cocaine delivery and presentation of the cocaine associated cue). There is, however, evidence to 

suggest that different psychological and neurobiological processes underlie the attribution of 

motivational value to cues in an instrumental setting vs. in a classic Pavlovian conditioning 
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setting (Cardinal et al. 2002; Dickinson et al. 2000; Thomas et al. 2003; Thomas and Everitt 

2001). Furthermore, in the “real world” of addicts, drug-associated cues often precede drug-

taking actions, rather than following them, and, consequently, Pavlovian drug cues may be 

potent instigators of relapse in addicts. Therefore, we thought it important to explore whether 

STs and GTs also differed in the extent to which a cue associated with drug (cocaine, 

remifentanil, or nicotine) using classical Pavlovian conditioning procedures acquires incentive 

motivational properties.  

Individual variation in the extent to which a classically conditioned cocaine cue acquires 

incentive salience 

 In chapter 2 (Yager and Robinson 2013), we assessed whether the propensity of animals 

to attribute incentive salience to a food cue predicted the extent to which a classically 

conditioned cocaine cue acquired incentive motivational properties. To do this we asked whether 

STs and GTs differed in the extent to which a classically conditioned cocaine cue came to (1) 

elicit approach towards it and (2) the degree to which it became itself desired, in that it 

reinforced actions to get it, using an extinction-reinstatement procedure. It is important to study 

several properties of an incentive stimulus as these properties are dissociable and attractiveness 

to a food cue may only predict some properties of an incentive stimulus (Cardinal et al. 2002; 

Everitt and Robbins 2005; Milton and Everitt 2010).  

To assess the extent to which a cocaine cue became attractive, STs and GTs were trained 

on a Pavlovian conditioned approach task where the presentation of a cue light (the conditioned 

stimulus, CS) was paired with a non-contingent intravenous (IV) injection of cocaine (the 

unconditioned stimulus, US). Rats’ behavior was scored during these training sessions for two 

different conditioned responses (CRs): (1) orientation (head and/or body movements) in the 
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direction of the light-CS and (2) approach to the light-CS (rearing to within 1 cm of the cue). 

Next, to assess the degree to which the cocaine cue became desired, an independent cohort of 

rats were trained to self-administer IV cocaine in the absence of any explicit cues. Following 

acquisition of stable self-administration, rats received two days of Pavlovian conditioning where 

a cue (illumination of a light) was paired with a non-contingent IV injection of cocaine. Next, 

rats underwent extinction training and then, on the reinstatement test day, rats were placed back 

into the test chamber but could now respond for contingent presentation of the Pavlovian cocaine 

cue under extinction conditions (i.e., no cocaine was delivered). We found that STs were more 

attracted to the classically conditioned cocaine cue (they approached it) and they also found it 

more desirable (they worked for presentation of it) than GTs. 

We have now shown, in two independent studies, that STs are more attracted to a 

classically conditioned cocaine cue than GTs (Flagel et al. 2010; Yager and Robinson 2013). 

However, it remained unclear whether GTs did not readily approach the cocaine cue because 

they did not attribute sufficient incentive salience to the cue or whether they did not learn the 

CS-US association, as there is no “goal” to approach in this situation. To address this issue we 

used the acquisition of a different CR- orientation to the cue, as a measure of learning the CS-US 

association (Grastyan and Vereczkei 1974; Sokolov 1963). First, we quantified conditioned 

orientation behavior when using food as the US to verify whether conditioned orientation and 

conditioned approach were dissociable responses because it has been argued that sign-tracking 

behavior is merely an elaboration of a conditioned orienting response (Buzsaki 1982; Grastyan 

and Buzsaki 1979; Grastyan and Vereczkei 1974; Holland 1980). We found that these CRs were 

dissociable because both STs and GTs oriented towards the lever-CS before making their 

respective approach responses (approach to the lever-CS vs. approach to the food cup, 
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respectively). Furthermore, we found that even if GTs were in the food cup when the lever was 

presented they would remove their head from the food cup, look at the lever, and then enter the 

food magazine again. These data argue against a sign-tracking response simply being an 

extension of a conditioned orientation response because GTs will disengage from on-going 

behavior and orient to the cue. Therefore, we used the acquisition of an orientation CR as a 

measure of whether GTs learned the CS-US association when using IV delivery of cocaine as the 

US. We found that both STs and GTs (but not unpaired control animals) learned a conditioned 

orienting response to the cocaine cue. Furthermore, STs and GTs did not differ in this behavior 

even though GTs were less likely to approach the cocaine cue. Therefore, these data suggest that 

the reason GTs did not approach the cue was not because they failed to learn the CS-US 

association, because they acquired an orientation CR, but because they had not attributed 

sufficient incentive salience towards the cue to make it attractive.   

These findings are consistent with several other studies from our lab. First, the finding 

that a cocaine cue was more attractive to STs than GTs is consistent with previous findings from 

our lab using the selectively bred bHR/ST and bLR/GT rat lines (Flagel et al. 2010). Flagel et al. 

(2010) reported that bHR/STs learned to approach a cocaine-associated cue whereas bLR/GTs 

did not. Second, Saunders and Robinson (2010) previously reported that a cocaine cue which 

gained its incentive value in an instrumental setting (i.e., during self-administration) was a more 

effective conditioned reinforcer in STs than GTs. Here, we expand on this work and show that a 

cocaine cue that gains its motivational properties in a Pavlovian conditioning procedure is also a 

more effective conditioned reinforcer in STs than GTs. It is worth noting that in the self-

administration procedure we used, animals never learned to make a response that resulted in 

presentation of the cocaine cue. Therefore, presentation of the cocaine cue on the reinstatement 
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test day could not have elicited a habitual S-R response pattern. Furthermore, this self-

administration paradigm not only provides a more rigorous assessment of the motivating 

properties of the cocaine cue, but it also offers the potential to determine the neural mechanisms 

involved in the attribution of incentive salience to discrete drug cues (See 2005). For example, 

work form the lab has recently shown that blockade of dopamine D1 receptors within the nucleus 

accumbens (NAc) core in STs just prior to the classical conditioning session attenuated 

subsequent reinstatement on test day (V. Lovic, unpublished observation). An interesting avenue 

for future work would be to look at whether increasing dopamine signaling within the NAc core 

during the classical conditioning session can potentiate subsequent reinstatement in GTs.  

It is important to note that these results cannot be explained by differences in cocaine 

exposure or the number of cue-cocaine pairings, as these variables were held constant across 

groups. Furthermore, these results are also unlikely to be due to differences in the inherent 

reinforcing properties of cocaine during conditioning because we found no differences in 

acquisition of self-administration behavior, which is consistent with previous results (Saunders 

and Robinson 2010; 2011; Saunders et al. 2013). However, while we found that GTs did not 

acquire a conditioned approach CR with a low dose of cocaine (0.2 mg/kg), they did begin to 

approach the cocaine cue with a higher dose of cocaine (0.4 mg/kg). Therefore, it is possible that 

a cue associated with an even higher dose of cocaine might come to elicit robust approach 

behavior even in GTs, but this remains to be seen. 

Individual variation in the extent to which an opioid (remifentanil) cue becomes attractive and 

desired 

 While it has now been established that the propensity of an individual to attribute 

incentive salience to a food cue predicts the extent to which a cocaine cue acquires all three 
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properties of an incentive stimulus (Flagel et al. 2010; Saunders and Robinson 2010; Saunders et 

al. 2013; Yager and Robinson 2013), it remained to be seen whether this effect generalizes 

across drug classes. Therefore, in chapter 3, we explored whether the extent to which an opioid 

cue is attractive and desired is predicted by the propensity to attribute incentive salience to a food 

cue (i.e., in STs vs. GTs). 

 To address these questions, STs and GTs were first trained on a Pavlovian conditioned 

approach task where the presentation of a cue light (the CS) was paired with a non-contingent IV 

injection of the μ-opioid agonist remifentanil (the US). The rats’ behavior was again measured 

for the acquisition of two different conditioned responses: conditioned orientation and 

conditioned approach. To assess whether the remifentanil cue became desired, we measured the 

degree to which rats acquired a novel response (nose-poking) that resulted in presentation of the 

remifentanil cue. Similar to our findings with cocaine, we found that the remifentanil cue was 

both more attractive and desired in STs than GTs. Furthermore, as shown by the acquisition of a 

condition orientation response, both STs and GTs learned the CS-US association. These data 

suggest that the differences we saw in conditioned approach and conditioned reinforcement 

between STs and GTs were not due to differences in learning, but due to differences in the 

attribution of incentive salience to the remifentanil cue. These data are also consistent with 

recent work from the lab using the self-administration paradigm described above, where the cue 

was only paired with remifentanil delivery during a single Pavlovian conditioning session. Using 

this self-administration paradigm, it was shown that STs reinstated extinguished drug-seeking 

behavior to a greater degree than GTs (V. Lovic, unpublished observation). Thus, using two 

different paradigms, we have now shown that a remifentanil cue is a more effective conditioned 

reinforcer in STs than GTs. 



  

 134 

Dissociation in the extent to which a nicotine cue becomes attractive and desired 

 There is now considerable evidence that cues associated with cocaine, alcohol, and heroin 

acquire the ability to become attractive and elicit approach behavior (Krank et al. 2008; Peters 

and De Vries 2013; Tomie 2001; Uslaner et al. 2006). However, it remained to be seen whether 

the same was true of another drug: nicotine. Therefore, in chapter 4, we first asked whether a cue 

associated with nicotine delivery could also become attractive and desired. Next, we asked 

whether these properties of an incentive stimulus varied by the degree to which an individual 

attributed incentive salience to a food cue. 

STs and GTs were first trained on a Pavlovian conditioned approach procedure where a 

light cue was paired with a non-contingent IV injection of nicotine (7.5, 15, or 25 µg/kg). First, 

we asked whether the nicotine cue became attractive by measuring conditioned orientation and 

conditioned approach behavior. Then, following a one-week period of forced abstinence, we 

assessed whether the nicotine cue was desired, by measuring whether animals would learn an 

instrumental response (nose-poke) for presentation of the nicotine cue alone. It is reported here, 

for the first time, that a cue associated with IV nicotine delivery can become attractive and elicit 

approach. However, in contrast to our findings with both cocaine and remifentanil, we found that 

the nicotine cue was equally attractive in STs and GTs, eliciting dose-dependent approach 

behavior in both, but differed in the extent to which it served as a conditioned reinforcer. We 

found, at least with the highest dose tested, that the nicotine cue was a significantly more 

effective conditioned reinforcer in STs than in GTs. 

This is the first time where we have observed a dissociation between the extent to which 

a drug cue becomes attractive and the extent to which it becomes desired. There are two potential 

explanations for our data. First, nicotine itself is a relatively weak reinforcer and thus the cue 
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may be especially salient in all animals. However, this explanation does not account for the 

differences seen during the conditioned reinforcement test. In addition to being a primary 

reinforcer, nicotine has also been shown to act as an “incentive amplifier” (Bevins and Palmatier 

2004; Caggiula et al. 2009; Palmatier et al. 2012), meaning that nicotine is capable of enhancing 

the incentive value of both conditioned and unconditioned cues. It is possible that during 

conditioned approach training, when nicotine was on board, nicotine may have amplified the 

incentive value of the cue making it attractive to both STs and GTs. However, during the 

conditioned reinforcement test, when no nicotine was on board, the degree to which the nicotine 

cue had been attributed with incentive salience was revealed as STs worked more avidly for 

presentation of the nicotine cue than GTs. Therefore, the ability of nicotine to amplify the 

incentive value of the cue masked any differences between STs and GTs in attribution of 

incentive salience to the cue as measured by conditioned approach. An interesting avenue for 

future research may be to look at whether pretreatment with nicotine increases the conditioned 

reinforcing properties of a nicotine cue in GTs. I would predict, based on the available 

information, that pretreatment with nicotine would amplify the incentive value of the cue and 

that GTs would work for presentation of the cue just as much as STs. 

 These data bring up an interesting question: how is nicotine acting in the brain to amplify 

the incentive value of cues? We know that nicotine, like both cocaine and remifentanil, acts on 

the dopaminergic system to increase dopamine release, specifically from dopamine neurons 

projecting from the ventral tegmental area to the nucleus accumbens (Luscher and Ungless 2006; 

Nestler 2005; Pierce and Kumaresan 2006; Vander Weele et al. 2011). However, while all drugs 

of abuse act to increase dopamine release, they all have different mechanisms of doing so. For 

example, opiates act to disinhibit dopamine neurons (Johnson and North 1992) while cocaine 
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blocks dopamine reuptake via the dopamine transporter (DAT) (Chen et al. 2006). Nicotine 

affects dopamine release in multiple ways. Nicotine can increase dopamine signaling by acting at 

nicotinic acetylcholine receptors (nAChRs) located on dopamine neurons, which acts to 

depolarize the cell. Nicotine can also affect dopamine release by acting on nAChRs located on 

GABA neurons and on glutamatergic inputs to dopamine neurons (Fagen et al. 2003; Luscher 

and Ungless 2006). However, nicotine, at levels experienced by smokers, actually desensitizes 

nAChRs which results in decreased dopamine release (Pidoplichko et al. 1997). Therefore, at 

times nicotine can potentiate dopamine release and at other times attenuate dopamine release. 

Zhang and Sulzer (2004) (see also Rice and Cragg 2004) recently explored how nicotine can 

sometimes elevate extracellular dopamine and at other times depress dopamine release. They 

found that nicotine’s effects on dopamine release depended on the firing pattern of the dopamine 

neurons- if dopamine neurons were tonically firing then nicotine inhibited dopamine release 

whereas if dopamine neurons were phasically firing then nicotine increased dopamine release 

(Rice and Cragg 2004; Zhang and Sulzer 2004). The switch in activity of dopamine neurons, 

from tonic to phasic firing, can be caused by salient conditioned stimuli (Rice and Cragg 2004). 

These findings led Chaudhri et al. (2007) to speculate that nicotine can create “a dopamine 

system that is hyper-excited and potentially more responsive to stimulation from incoming 

pharmacological and non-pharmacological reinforcers” (p. 360). This is one possible mechanism 

by which nicotine can act to increase the incentive value of cues. However, there is much more 

work that needs to be done to determine the mechanism by which nicotine increases the 

incentive value of cues, including the composition of the nAChRs that are involved and whether 

this effect is specifically related to dopamine release within the nucleus accumbens. 
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Neural circuitry underlying sign- and goal-tracking behavior 

 In addition to exploring individual variation in the extent to which an opioid cue acquires 

control over motivated behavior, the work presented in chapter 3 also investigated the neural 

underpinnings of these behavioral differences. 

The role of dopamine in incentive motivation 

In chapter 3, the role of dopamine signaling within the NAc core on expression of 

conditioned approach to a cue associated with the opioid remifentanil was explored. 

We decided to look at the role of dopamine signaling in the attribution of incentive 

motivation to an opioid cue for two reasons. First, the primary reinforcing effects of opiates may 

not be dopamine dependent but the secondary reinforcing effects might be (Badiani et al. 2011). 

Second, there are now several lines of evidence from our lab that dopamine plays an important 

role in the attribution of incentive motivation to reward cues. The focus of this work has been on 

the NAc core as it has been shown that one property of an incentive stimulus, the ability to elicit 

approach, is dependent on intact neural transmission within the NAc (Blaiss and Janak 2009; 

Chang et al. 2012; Dalley et al. 2002; Di Ciano et al. 2001; Parkinson et al. 1999a; Parkinson et 

al. 2002; Parkinson et al. 2000). Furthermore, dopamine signaling within the NAc core shows a 

prediction-error signal (Day et al. 2007). However, while Chang et al. (2012) reported that 

lesions of the entire NAc impaired acquisition of a ST CR, they recently reported that lesions of 

only the NAc core or NAc shell had no effect on sign-tracking behavior (Chang and Holland 

2013). There are several reasons why this may be the case, including differences in the extent to 

which the NAc core was damaged between their studies as well as differences between the 

Pavlovian conditioning procedure they used and the one we typically use (i.e., they used liquid 
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sucrose as the US, they used a discriminative autoshaping procedure). Further work needs to be 

done to parse apart these differences. 

To begin to address the role of dopamine in stimulus-reward learning and incentive 

motivation, Flagel et al. (2011b) recorded dopamine transmission within the NAc core over the 

course of Pavlovian conditioning with food as the US and found that there is a transfer of phasic 

dopamine signaling from the food-US to the lever-CS in STs but not in GTs. Consistent with this 

finding, Parker et al. (2010) reported that in mice that only learn a GT CR there is no transfer of 

the dopamine signal from the US to the CS. Flagel et al. (2011b) next went on to test whether 

dopamine is necessary for learning (acquiring) a ST or GT CR. To do this, they gave animals a 

systemic injection of the dopamine receptor antagonist flupenthixol prior to each training 

session. They found that administration of flupenthixol blocked learning a ST CR but had no 

effect on learning a GT CR (see also Danna and Elmer 2010). Saunders and Robinson (2012) 

recently expanded on this work and examined the effect of dopamine receptor blockade, via 

flupenthixol, within the NAc core on performance of an already learned ST or GT CR elicited by 

a food cue. They found that flupenthixol dose-dependently decreased performance of a ST CR 

but had no effect on performance of a GT CR. Together these data suggest that dopamine 

transmission, at least within the accumbens core, is important in regulating the attribution of 

incentive salience to reward cues  

While we have now shown that dopamine transmission within the NAc core is involved 

in both the acquisition and expression of a ST CR to a food cue, one question that remained was 

whether approach to a drug cue is also dependent on dopamine transmission within the NAc 

core. Interestingly, a recent study by Aragona et al. (2009) reported that dopamine release within 

the NAc core was correlated with the extent to which a cocaine cue became attractive, eliciting 
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approach. In line with this observation, we found that blocking dopamine receptors within the 

NAc core dose-dependently attenuated approach to an opioid cue. Furthermore, administration of 

flupenthixol impaired approach to the opioid cue on the very first trial before any new learning 

could occur. Therefore, this effect could not be due to an updated prediction-error signal. 

Importantly, flupenthixol did not effect conditioned orientation, which suggests that the CS-US 

association remained intact. These data are consistent with the work by Saunders and Robinson 

(2012) and their conclusions that “dopamine antagonism attenuates the learning and performance 

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” (p 2529).  

 While our work has focused on the role of dopamine signaling in the acquisition and 

expression of ST and GT CRs, there are a variety of other neurotransmitters including glutamate, 

serotonin, endogenous opioids, and norepinephrine that may be involved in mediating the 

incentive motivational properties of reward associated cues (Cardinal et al. 2002; Di Ciano et al. 

2001; DiFeliceantonio and Berridge 2012; Mahler and Berridge 2009; Nonkes et al. 2014; 

O'Connor et al. 2010; Puglisi-Allegra and Ventura 2012a; b; Tomie et al. 2000; Tomie et al. 

2004). For example, Mahler and Berridge (2009) recently reported that stimulation of μ-opioid 

receptors within the central nucleus of the amygdala (CeA) increased approach and engagement 

with a food cue in STs while it increased approach and engagement with the food cup in GTs 

(see also DiFeliceantonio and Berridge 2012). Furthermore, when Mahler and Berridge (2012) 

stimulated μ-opioid receptors in the CeA during PIT testing they found that this increased 

instrumental responding during presentation of the Pavlovian cue, indicating a heightened state 

of conditioned motivation. Additionally, other physiological correlates, such as stress-induced 
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corticosterone release, are also related to individual variation in attribution of incentive value to 

reward cues (Flagel et al. 2009; Tomie et al. 2000; Tomie et al. 2004). Future work will need to 

be conducted to parse out the role of these neurotransmitter systems in individual variation in 

response to reward cues, especially in regions outside of the nucleus accumbens. 

Engagement of brain reward circuitry by incentive stimuli 

 In addition to assessing the role of dopamine in conditioned approach to an opioid cue, 

the work presented in chapter 3 also explored the extent to which both food and opioid cues 

engaged brain reward circuitry.  

 There is now an abundance of evidence that food-associated cues (both discrete cues and 

contextual cues associated with food availability) can engage brain reward circuitry (Kest et al. 

2012; Pelchat et al. 2004; Schiltz et al. 2007; Volkow et al. 2002). However, as previously 

discussed, reward cues acquire predictive value and, in some cases, can also acquire motivational 

value. To parse out the extent to which either the predictive value or the motivational value of a 

food cue is sufficient to engage reward circuitry, Flagel et al. (2011a) used in situ hybridization 

to quantify the ability of a food cue to elicit c-fos mRNA in STs and GTs throughout the brain. 

Measurements of both c-fos mRNA and Fos protein expression have been extensively used as 

metabolic markers of neuronal activity and serve as an indirect measure of neuronal activation 

(Dragunow and Faull 1989; Kovacs 1998; Sagar et al. 1988). Flagel et al. (2011a) measured c-

fos mRNA expression throughout the so-called “motive circuit”, which has been shown to be 

engaged by reward cues. This “motive circuit” includes the prefrontal cortex, dorsal and ventral 

striatum, thalamus, habenula, and amygdala (Cardinal et al. 2002; Kalivas and Volkow 2005; 

Weiss 2005). Flagel et al. (2011a) reported that presentation of a food cue produced significant 

increases in c-fos mRNA expression throughout the “motive circuit” in STs, but not in GTs, 
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relative to unpaired control rats. This finding suggests that the predictive value of reward cues is 

not sufficient to engage traditional brain reward systems- the cue must be imbued with incentive 

salience to do so. 

 Not only can food cues engage the “motive circuit”, but so can drug cues (Childress et al. 

1999; Grant et al. 1996; Kelley et al. 2005; Schroeder et al. 2001; Tang et al. 2012; Volkow et al. 

2008b; Zavala et al. 2008). While we have now shown that a food cue must be imbued with 

incentive salience in order to engage brain reward circuitry, it remained to be seen whether the 

same was true of drug cues. Here, we used Fos protein expression, rather than c-fos mRNA, as a 

marker of neural activity and quantified the extent to which presentation of either a food or an 

opioid cue elicited Fos expression throughout the brains of STs, GTs, and an Unpaired control 

group. We found that presentation of both the food and opioid cue elicited greater Fos expression 

in STs, but not in GTs, relative to unpaired control animals in almost every region examined. For 

example, presentation of both the food and opioid cue elicited greater Fos expression throughout 

the striatum in STs relative to GTs. These data are consistent with the ability of both food and 

drug cues to engage the striatum (Kufahl et al. 2009; Schiltz et al. 2007; Volkow et al. 2002; 

Volkow et al. 2006). Furthermore, both the dorsal and ventral striatum are critically involved in 

cue-induced reinstatement of drug-seeking behavior (Fuchs et al. 2006; Fuchs et al. 2004). These 

data suggest that like a food cue, a drug cue must be imbued with incentive salience in order to 

engage the “motive circuit”. Importantly, Fos expression was not correlated with any of our 

behavioral measures (e.g., approach to the food or opioid cue). This suggests that Fos expression 

was not merely an artifact of increased locomotor behavior in STs in response to cue 

presentation.   
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 While these findings nearly replicate the findings of Flagel et al. (2011a), there are two 

major differences in our results. First, Flagel et al. (2011a) reported group differences in c-fos 

mRNA expression in the orbitofrontal cortex (OFC) while we did not find any group differences 

in Fos protein expression in the OFC, although there was a non-significant trend for greater Fos 

expression in STs in response to the food cue. This finding was surprising given that the OFC is 

engaged by drug cues and has been implicated in cue-induced drug craving (McClernon et al. 

2009; Schoenbaum and Shaham 2008; Zavala et al. 2008). However, it is important to point out 

that Fos expression was only assessed at one Anterior-Posterior (A-P) level. In fact, Flagel et al. 

(2011a) reported that there were no significant group differences at more rostral levels of the 

OFC. Therefore, a more detailed analysis of the OFC across A-P levels may be necessary. 

Second, we found that presentation of both the food and opioid cue elicited greater Fos 

expression in STs in the basolateral nucleus of the amygdala (BLA) while Flagel et al. (2011a) 

did not find any group differences. The lack of effect in the BLA in the Flagel et al. (2011a) 

study was unexpected given that there is considerable evidence that both food and drug cues can 

engage the amygdala (Brown et al. 1992; Childress et al. 1999; Grant et al. 1996; Schiltz et al. 

2007). Our findings, however, are in agreement with several preclinical studies that have 

demonstrated that the BLA plays an important role in drug-seeking behavior and relapse (Fuchs 

and See 2002; Kantak et al. 2002; Meil and See 1997).    

  In addition to reporting differences in the extent to which a food cue elicited c-fos mRNA 

expression within a given brain region, Flagel et al. (2011a) also conducted correlational 

analyses between brain regions to look at inter-regional “connectivity”. They found several 

differences between STs and GTs in the degree to which c-fos mRNA expression was correlated 

between regions. For example, c-fos mRNA expression was positively correlated between the 
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orbitofrontal cortex and pavaventricular nucleus of the thalamus in GTs but not in STs. We also 

conducted correlational analyses to assess inter-regional “connectivity”, but failed to find any 

significant correlations. There are a few potential reasons for this. First, our group sizes were 

smaller than those in the Flagel et al. (2011a) study. Second, there was not a lot of variation in 

the levels of Fos expression within groups (i.e., within STs). Together, these factors would make 

it difficult to find any correlation in Fos expression between regions. Another factor to consider 

is that Fos expression has not been quantified in several of the regions that Flagel et al. (2011a) 

reported correlations among (e.g., intermediodorsal and central medial nuclei of the thalamus), 

and I plan to do this in the future. 

 Together, these studies add to a growing literature that different neural systems are 

engaged by cues that only act as predictors of reward vs. cues that are also imbued with incentive 

salience. One commonality amongst the regions that we explored in the Fos study is that all of 

these regions receive input from dopamine neurons. An interesting avenue for future research 

may be to look at whether dopamine projections from the VTA to other regions of the “motive 

circuit” are selectively activated in response to food and drug cues. 

Individual variation in liability to addiction 

 We have now shown using a variety of different measures and procedures that there is 

considerable individual variation in the propensity to attribute incentive salience to a food cue 

and that this predicts the extent to which discrete drug cues acquire control over motivated 

behavior. For example, both discrete drug cues and internal drug cues (the interoceptive effects 

of the drug) acquire greater incentive motivational value in STs than in GTs (Flagel et al. 2010; 

Meyer et al. 2012b; Saunders and Robinson 2010; 2011; Saunders et al. 2013; Yager and 

Robinson 2013). Additionally, Beckmann et al. (2011) recently reported that in a free access 
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cocaine self-administration paradigm STs acquired self-administration faster than GTs and we 

have also shown that STs are more susceptible to psychomotor sensitization than GTs (Flagel et 

al. 2008). This had led us to hypothesize that STs may be more susceptible to addiction than 

GTs, as they are more motivated by discrete drug cues and also show a higher tendency to 

relapse.  

 There are, however, several other traits, including impulsivity, novelty-seeking, 

sensation-seeking, and decreased attentional control, that are associated with addiction liability 

in both humans and animals (Belin et al. 2011; Belin and Deroche-Gamonet 2012; Belin et al. 

2008; Cain et al. 2005; Ersche et al. 2010; Jentsch and Taylor 1999; Molander et al. 2011; Wills 

et al. 1994; Winstanley et al. 2010). Thus, we have begun to explore the extent to which STs and 

GTs also differ in these traits. Tomie and colleagues (Tomie 1996; Tomie et al. 1998) were the 

first to suggest that poor inhibitory control, which is one characteristic of impulsivity, may be 

associated with sign-tracking behavior. We have recently shown that STs are in fact more action 

impulsive than GTs, in that they have difficulty withholding a response when doing so is 

required to receive a reward, as indicated by STs making more premature responses on both the 

DRL (differential reinforcement of low rates) task and a 2-choice serial reaction time task (2-

CSRTT) (Lovic et al. 2011). Flagel et al. (2010) also showed a similar pattern of results using the 

bHR/ST and bLR/GT rat lines and found that bHR/STs were also more impulsive than bLR/GTs 

on the DRL task. In addition to being more impulsive, STs also show more novelty-seeking 

behavior than GTs (Beckmann et al. 2011). Finally, STs, relative to GTs, also have poor 

attentional control over behavior which was shown to be associated with decreased cholinergic 

function in the prefrontal cortex (Paolone et al. 2013). It is important to mention that while STs 

tend to be more action impulsive than GTs, there was a large amount of variation within both 



  

 145 

groups. In fact, premature responses during the 2-CSRTT only accounted for about 15% of the 

variance in conditioned approach behavior to the food cue (Lovic et al. 2011). Therefore, we 

have speculated that individuals that have a compilation of these traits- have the propensity to 

attribute incentive salience to reward cues, are impulsive, have poor top-down executive control, 

and are novelty-seekers- may be especially vulnerable to addiction (Christiansen et al. 2012).   

 While we have now explored the extent to which STs and GTs vary on traits associated 

with addiction liability and also vary in the extent to which discrete drug cues motivate behavior, 

it remained to be seen whether another class of cues, contextual cues, motivates behavior 

differently in STs and GTs. Contextual cues (i.e., places were drugs are acquired and/or taken) 

are another class of cues known to contribute to relapse in both rats and humans (Crombag et al. 

2008; Crombag and Shaham 2002; Fuchs et al. 2005; Mayo et al. 2013; McFarland and 

Ettenberg 1997; O'Brien et al. 1992). Thus, Saunders et al. (2012) asked whether STs and GTs 

differed in the extent to which contextual cues acquire control over motived behavior by using 

two different measures. First, they examined the ability of a drug-paired context to produce a 

state of conditioned motivation as measured by conditioned hyperactivity (Beninger et al. 1981; 

Jones and Robbins 1992). Second, they measured the ability of a drug-paired context to reinstate 

extinguished drug-seeking behavior (Crombag et al. 2008). As opposed to our previous findings 

with a discrete drug cue, they found that GTs showed greater context-conditioned hyperactivity 

and greater context-induced reinstatement of drug-seeking behavior than STs (Saunders et al. 

2012). Interestingly, these data are consistent with a recent finding using a fear conditioning 

paradigm. Morrow et al. (2011) reported that STs, relative to GTs, display greater discrete cue 

(tone)-evoked fear (freezing behavior) while GTs, relative to STs, display greater contextual 

conditioned fear. Furthermore, Ahrens and Robinson (2013) recently conducted a study where 
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contextual information served as an occasion setter (different contexts indicated whether 

presentation of the CS would be followed by reward or not). They found that GTs behavior 

quickly came under control of the occasion setter where as STs failed to modify their behavior 

based on the contextual information. Together these data suggest that STs preferentially assign 

incentive motivational value to discrete cues while GTs preferentially assign incentive 

motivational value to contextual cues, regardless of the emotional valence of the outcome (i.e. 

appetitive or aversive). These data require that we modify our hypothesis that STs are more 

vulnerable to addiction than GTs. Instead, it appears that individuals may be more sensitive to 

different “triggers” (i.e. discrete vs. contextual cues) that are capable of motivating behavior and 

instigating relapse. Therefore, STs are not more vulnerable to addiction than GTs but there may 

be different pathways to addiction, which has important implication for clinical treatments. 

Psychological processes mediating sign- and goal-tracking behavior 

 We have now shown in a series of studies, including the studies presented in this 

dissertation, that both food and drug-associated cues motivate behavior differently across 

individuals. We have also shown that this is true across a variety of different behavioral 

paradigms, including tasks that differ in emotional valence. Importantly, we have also reported 

that sign-tracking and goal-tracking behaviors are subserved by different neural systems. For 

example, as mentioned previously, both the learning and expression of a ST CR, but not a GT 

CR, is dependent on endogenous dopamine signaling (Danna and Elmer 2010; Flagel et al. 

2011b; Saunders and Robinson 2012). Together, these data suggest that sign-tracking and goal-

tracking behavior are not only mediated by different neural systems but also by different 

psychological processes.  



  

 147 

 We have recently begun to speculate on what psychological process may be regulating 

sign- and goal-tracking behavior. We have suggested that while a bottom-up Pavlovian incentive 

process motivates sign-tracking behavior a more top-down cognitive process underlies goal-

tracking behavior (Flagel et al. 2011a; Meyer et al. 2012a; Saunders and Robinson 2012). This 

idea is consistent with several lines of evidence from our lab. For example, STs are more 

impulsive than GTs (Flagel et al. 2010; Lovic et al. 2011). This difference in impulsivity could 

reflect differences in top-down inhibitory control. Indeed, we have recently shown that STs, 

relative to GTs, have poor cognitive control over attention (Paolone et al. 2013). These data are 

also consistent with differences in inter-regional connectivity between STs and GTs. Flagel et al. 

(2011a) found that c-fos mRNA expression in response to a food cue was correlated within 

cortico-striatal and thalamocortical circuitry in GTs but not in STs. STs, however, showed strong 

correlations in c-fos mRNA expression among subcortical regions. While this inter-regional 

connectivity data is speculative, it does suggest that GTs may engage more top-down cortical 

circuitry resulting in greater executive control over behavior. Furthermore, these data also 

support the idea that in GTs presentation of the reward cue elicits a cognitive representation of 

the reward, which would result in approach to the location of reward delivery. This behavior is 

not dopamine-dependent and is thought to be dependent on corticostriatal circuitry (Balleine and 

Dickinson 1998; Dickinson and Balleine 2002; Dickinson et al. 2000; Wassum et al. 2011; Yin 

et al. 2008).  

Clinical relevance 

 The focus of my dissertation work has been on identifying individual variation in the 

extent to which drug cues can motivate behavior in a preclinical rodent model. However, there is 

considerable evidence supporting the ability of reward cues to become incentive stimuli and 
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motivate maladaptive behavior in humans. For example, if moderately sated humans, who 

minutes earlier expressed no desire to eat, are presented with a highly palatable food the desire to 

eat is reinstated (Cornell et al. 1989). Food-associated cues, such as signs for fast food 

restaurants, can also elicit desire for food and are thought to contribute to overeating and obesity 

(Jansen 1998). Furthermore, drug associated cues can also motivate behavior in humans.  

Individual variation in the extent to which reward cues acquire properties of an incentive 

stimulus in humans: behavioral evidence   

 In the human literature the ability of reward cues to acquire properties of an incentive 

stimulus has been demonstrated using tasks such as the Stroop task (Cox et al. 2006) and the dot 

probe task (Bradley et al. 2003). These tasks measure attentional bias for reward cues and can be 

used as a proxy for how “attractive” cues are. It has now been shown, using both the Stroop task 

and dot probe task, that humans find both food and drug-associated cues attractive (Duka and 

Townshend 2004; Hickey et al. 2010a; Hickey and van Zoest 2012; Pool et al. 2014; Wiers et al. 

2009). While reward cues can bias attention, this is especially problematic for addicts. Drug-cues 

not only attract attention in addicts (Field and Cox 2008; Franken 2003; Hester et al. 2006; 

Schoenmakers et al. 2008), but addicts will choose to view drug-associated pictures (Moeller et 

al. 2009), drug cues can support responding on a second-order schedule of reinforcement in 

human addicts (Panlilio et al. 2005), and drug cues can evoke a state of conditioned motivation 

that elicits craving and/or relapse (Ehrman et al. 1992; O'Brien et al. 1992). There have also been 

several studies showing that drug cues not only acquire the ability to bias attention but they can 

also elicit approach behavior (Christiansen et al. 2012; Cousijn et al. 2011; Field et al. 2008; 

Field et al. 2005; Palfai 2006; Thewissen et al. 2007; Van Gucht et al. 2008; Wiers et al. 2009). 

While the ability of drug cues to attract humans is difficult to directly measure, researchers have 
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come up with a way to circumvent this problem by measuring the speed to which participants 

move a character on a computer screen or use a joystick to “approach” images presented on a 

screen (Field et al. 2005; Franken 2003; Wiers et al. 2009). Therefore, like in our preclinical 

rodent model, drug cues acquire all three properties of an incentive stimulus in human addicts.  

 There is, however, considerable individual variation in the extent to which cues acquire 

control over motivated behavior in humans as measured by the ability of cues to bias attention, 

evoke craving, and to instigate relapse (Beaver et al. 2006; Carpenter et al. 2012; Carpenter et al. 

2009; Carter and Tiffany 1999; de Wit et al. 1987; Hickey et al. 2010b; Janes et al. 2010; 

Kambouropoulos and Staiger 2001; Kilts et al. 2014; Niaura et al. 1998; Tetley et al. 2010). For 

example, scores on the Behavioral Activation Scale (BAS), a measure of “reward-seeking” 

personality characteristics which are thought to measure the propensity for appetitive motivation, 

are correlated with both the propensity to overeat and the ability of alcohol-related cues to elicit 

craving (Beaver et al. 2006; Kambouropoulos and Staiger 2001). Furthermore, Mahler and de 

Wit (2010) recently reported that individuals that reported the highest craving in response to a 

food cue when food deprived also reported the highest craving to a smoking cue during a period 

of abstinence. This effect has also now been replicated in a larger sample size (Styn et al. 2013). 

Additionally, variation in the extent to which humans find drug cues attractive predicts craving 

for drugs, future drug use, and also the probability that an individual will relapse (Carpenter et al. 

2006; Copersino et al. 2004; Cox et al. 2002; Field and Cox 2008; Franken et al. 2000; Marissen 

et al. 2006; Vadhan et al. 2007). These studies parallel much of the recent work from our lab as 

well as the studies I presented in this dissertation looking at a preclinical model of individual 

variation in response to reward cues (Flagel et al. 2010; Meyer et al. 2012b; Saunders and 

Robinson 2010; 2011; Saunders et al. 2013; Yager and Robinson 2013). Together these data 
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suggest that there is considerable individual variation in the extent to which drug cues can 

motivate behavior in humans as well as in non-human animals.  

Individual variation in the extent to which reward cues acquire properties of an incentive 

stimulus in humans: genetic and neurophysiological correlates 

 We have now demonstrated in several studies with rodents that the dopamine system is 

involved in the attribution and expression of incentive motivation towards both food- and drug-

associated cues (Flagel et al. 2011b; Flagel et al. 2007; Saunders and Robinson 2012; Saunders 

et al. 2013). There is also considerable evidence from the human literature that both drugs and 

drug cues can engage the mesocorticolimbic dopamine system (Boileau et al. 2007; Ersche et al. 

2010; Leyton 2007; Leyton et al. 2002; Volkow et al. 2004; Volkow et al. 2008a; Volkow et al. 

2006; Wong et al. 2006; Zijlstra et al. 2009). Even reward cues presented outside conscious 

awareness can activate mesocorticolimbic circuitry (Childress et al. 2008; Wetherill et al. 

2014a). Furthermore, simply presenting words related to drug use can activate this system in 

addicts (Goldstein et al. 2009). Behaviorally, dopamine release within the dorsal striatum elicited 

by presentation of a drug cue is correlated with self-reports of craving (Volkow et al. 2006; 

Wong et al. 2006). Additionally, dopamine signaling is both necessary and sufficient for drug 

cues to bias attention in human drug users (for review see Franken et al. 2005). For example, 

blockade of dopamine receptors by the dopamine receptor antagonist haloperidol reduced 

attentional bias in heroin users (Franken et al. 2004) while treatment with the dopamine receptor 

agonist pramipexole enhanced attentional bias toward drug cues (Ersche et al. 2010).  

 While food and drug cues can engage the mesolimbic system in humans, there is 

considerable individual variation in brain responses to reward-related cues (Beaver et al. 2006; 

Bogdan et al. 2012; Janes et al. 2010; Kilts et al. 2014; Simon et al. 2010). There are many 
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possible factors that may underlie this individual variation in brain responses to reward cues, 

including differences in personality traits (Beaver et al. 2006; Simon et al. 2010) and in 

impulsivity (Buckholtz et al. 2010). Individual variation in the extent to which reward-associated 

cues engage the mesolimbic system may also be explained, in part, by genetic variation (Bogdan 

et al. 2012; Kreek et al. 2005; Wiers et al. 2009). A large focus of this work has been on 

polymorphisms within the genes coding for the dopamine transporter (DAT) (Aarts et al. 2010; 

McClernon et al. 2007). For example, a polymorphism within the DAT SLC6A3 gene is related 

to the extent to which a smoking cue can engage the ventral striatum, ventral pallidum, and 

orbitofrontal cortex in smokers (Franklin et al. 2009; Franklin et al. 2011) and the degree to 

which smoking cues can bias attention and influence brain activity (Wetherill et al. 2014b). 

Given that our preclinical findings closely reflect the findings in the human literature, this 

preclinical model allows us the opportunity to explore the genetic, epigenetic, environmental, 

and neurophysiological correlates that confer susceptibility to disorders such as addiction.   

Conclusions 

 The work presented in this dissertation explored the extent to which individual variation 

in the propensity to attribute incentive salience to a food cue predicts the extent to which 

classically conditioned drug cues acquire control over motivated behavior. Through this work I 

have shown that some rats are more susceptible than others in the extent to which classically 

conditioned drug cues motivate behavior and that this effect varies across drug classes. 

Furthermore, I have shown that the underlying neural circuitry contributing to the attribution of 

incentive salience to food and drug cues is similar. These results have important clinical 

implications, as some individuals may be more reactive to discrete cues than others. In the future 

both preclinical and clinical research should continue to focus on understanding individual 
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variation in the psychological and neural mechanism underlying attribution of aberrant incentive 

motivation to reward cues to develop better target treatment for disorders such as addiction, 

obesity, and gambling.
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