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In adolescence, poor decision making, risk taking, and drug use have been 

strongly linked; however the causal relationships among these factors are poorly 

understood. As causality is difficult to disentangle in humans, an animal model of risk 

taking was used to investigate causal relationships between adolescent risk taking and 

cocaine self-administration in rats. Specifically, a Risky Decision-making Task (RDT) 

that was developed in our laboratory was used to investigate whether risky decision-

making is a pre-existing condition which may predict the propensity for drug use, and/or 

if elevated risk taking is a result of drug use itself. In addition, the RDT was used to 

determine if the relationships between risky decision-making are modulated by 

dopaminergic signaling in the prefrontal cortex and striatum, as these brain regions 

have been heavily implicated in mediating both risky decision-making and drug use. 

Findings from the experiments indicated that individual variability in RDT 

performance during adolescence significantly predicted cocaine intake (i.e., greater risk 

taking was associated with greater cocaine intake) and that cocaine self-administration 

rats exhibited greater risk taking compared to controls even after 6 weeks of abstinence. 

Moreover, lower striatal D1 and D2 receptor expression was associated with greater 
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adolescent risk taking, and activation of D2 receptors in the ventral, but not dorsal, 

striatum biased choice behavior toward a more risk averse pattern. 

These data indicate that adolescent risk taking predicts acquisition of cocaine self-

administration, and that cocaine self-administration can cause long-lasting elevations in 

risk taking. The findings that lower dopamine receptor expression in striatum was 

associated with elevated risk taking and that activation of dopamine (especially D2) 

receptors in the ventral striatum biased choice behavior in the RDT toward greater risk 

aversion strongly suggest that D2 receptors play a causal role in both risk taking 

behavior and cocaine use. Together these findings provide support for a “vicious cycle” 

between risk taking and cocaine use which may be regulated by D2 receptors and might 

contribute to addictive processes.  
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CHAPTER 1 
BACKGROUND 

Adolescence is a period of substantial maturation, both physically and mentally. 

This period is often marked by poor decision-making, including elevated risk taking, and 

the onset of drug use (for review see (Spear, 2000)). By age 18 nearly 48% of 

America’s youth has experimented with illicit drugs, nearly 60% have tried tobacco, and 

71% have sampled alcohol (NIDA, 2010); however, it remains unclear whether 

adolescent elevations in risk taking and the initiation of drug use are related. In addition, 

chronic drug users also have poor decision-making capabilities, including elevated risk 

taking (for review see (Lucantonio et al., 2012)), although it is unclear whether such 

elevated risk taking is a cause or consequence of drug use. A better understanding of 

the mechanisms that underlie the relationships between risk taking and drug use, (such 

as dopamine signaling, which has been implicated in both decision-making and drug 

use) may open new doors for behavioral or pharmacological intervention for the 

attenuation of such behaviors. There is a large literature in humans regarding both 

maladaptive decision-making and drug use, and it will be necessary to understand 

these human conditions in order to appropriately model such behavior in animals. 

Moreover, animal models are critical to understanding the mechanisms which may 

underlie relationships between risk taking and drug use as such relationships are often 

difficult to disentangle in humans. In order to begin to unravel such relationships, we will 

first review literature on 1.) measures of impulsivity and risk taking in both humans and 

rodents, 2.) the relationships between chronic drug (particularly cocaine) use and 

behavioral disinhibition and evidence for behavioral disinhibition being either predictive 

or a result of drug use, 3.) adolescence and how adolescent behavioral disinhibition 
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may increase propensity for future drug use, and 4) dopamine and its influence on 

behavioral disinhibition, cocaine use, and adolescent development. 

Measuring Behavioral Disinhibition 

Behavioral disinhibition refers to a lack of restraint in acting on impulses and 

desires, which is manifested in several different types of behavior. For the purposes of 

this dissertation, the term “behavioral disinhibition” will be used to encompass both 

impulsivity and risk taking, which are strongly associated with drug use. 

Measures of Impulsivity in Humans 

Impulsivity, which has been described as rapid, unplanned behavior with little 

forethought of consequences (Moeller et al., 2001), can be conceptually divided into two 

distinct forms: impulsive action and impulsive choice (Evenden, 1999; Moeller et al., 

2001). Impulsive action refers to an inability to withhold a proponent response and is 

often referred to as “motor impulsivity” (for review see (Winstanley et al., 2006)). 

Impulsive action can be measured by the Stop-Signal Task, in which participants are 

required to make a rapid response to a cue and then, on certain trials, without warning 

are also given a “stop” signal indicating that they must inhibit that response (Greenberg 

and Waldman, 1993). Individuals who have difficulty successfully inhibiting their 

response after the stop signal is presented are said to display greater impulsive action. 

 Impulsive choice is the preference for smaller, sooner rewards over larger, 

delayed rewards. Impulsive choice can be measured in the laboratory with delay-

discounting tasks, in which individuals are presented with choices between smaller, 

more immediate rewards and larger, but delayed rewards. Individuals who would be 

considered impulsive or showing high levels of impulsive choice generally choose the 

smaller, sooner reward more often than the larger delayed reward, especially when the 
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choice of the small reward seems (objectively) disadvantageous (e.g. choice of $100 

today over $150 tomorrow could be considered disadvantageous as a relatively short 

delay of gratification would result in substantially greater gains) (Adriani and Laviola, 

2003; Steinberg et al., 2009)(see Figure 1-1). 

Measures of Risk Taking in Humans 

In deciding from among an array of possible choices, favorable outcomes are 

often associated with some risk of adverse consequences. In order to make optimal 

decisions, one must be aware of the contingencies and adapt one’s behavior 

accordingly. Risk taking is the choice of an action that has the potential to lead to a loss 

or other adverse consequence. Two examples of laboratory tasks that measure risk 

taking are the Iowa Gambling Task (IGT) and the Cambridge Gambling Task (CGT), in 

which poor choices result in loss of earnings (Bechara et al., 1997; Rogers et al., 1999). 

In the IGT, participants are presented with 4 virtual decks of cards on a computer 

screen. On each trial, they are required to choose a card from a deck. Most card 

choices will result in a “virtual monetary” gain, but occasionally there will be a loss. The 

decks differ from each other in the number of trials over which the losses are 

distributed. Through feedback provided following choice of each card, participants learn 

which decks are "bad decks" (larger gains per card, but costing more in intermittent 

losses, ultimately resulting in net loss), and which are "good decks" (smaller gains per 

card, but less frequent and smaller losses, ultimately resulting in net gain), as greater 

preference for the “good decks” will ultimately end in the highest gains. Individuals who 

prefer the “bad decks”, or greater gains regardless of loss, are considered risk taking. A 

study by Bechara et al. (2001), investigated IGT performance in substance dependent 

individuals and found that there was a wide range of individual variability, such that 
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some participants were able to perform the task on par with control participants whereas 

others were severely impaired, continuously selecting cards from the disadvantageous 

“bad decks”. While this task is widely used, it has one major caveat such that optimal 

performance in this task requires one to be able to process and learn from negative 

feedback, such that any deficit in this learning ability can bias outcomes toward a more 

“risk taking” pattern of performance. 

An additional task that can measure risk taking is the CGT, which is different from 

the IGT in that it is simpler and requires minimal learning. The CGT has two stages: a 

training stage and a gambling stage. In the training stage, participants are presented 

with a row of ten boxes across the top of a computer screen, some proportion of which 

are red and the rest blue. The goal is to guess under which color a yellow token is 

hidden. For example, if 8 out of the 10 boxes are red and only 2 are blue, one might 

assume that the chances of the token being hidden under a red box is greater than that 

of a blue box and, therefore, red would be the optimal choice. In the gambling stage, 

participants start off with a certain number of points which are presented on the screen. 

Once the participant guesses whether the token is hidden under red or blue, they are 

presented with a “wager box” in which they select the number of points they would like 

to bet on their degree of confidence in their choice. Individuals who would be 

considered risk taking on this task might, for example, bet a larger number of points on 

a trial on which there are relatively equal numbers of blue and red boxes. For example, 

if there are 6 blue boxes and 4 red boxes at the top of the screen, which could be 

interpreted as a 60% chance that the yellow token is hidden under a blue box. A non-
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risk taker would bet fewer points on the probability that the token is under a blue box on 

this trial than they would on a trial on which there are 8 blue boxes. 

Impulsivity and risk taking are difficult to disentangle in humans as there are many 

conditions, such as attention deficit hyperactivity disorder and addiction, in which both 

present simultaneously. Moreover, human decision-making can be influenced by 

individual differences in previous experiences, personal preferences, social cooperation, 

etc. (Glimcher and Rustichini, 2004; Brand et al., 2006; Lee, 2008; Kable and Glimcher, 

2009). For example, smokers tend to display more impulsive choice, preferring smaller 

sooner rewards to larger, delayed ones (Reynolds et al., 2004). However, cigarette 

smoking is strongly related to educational status, such that individuals with lower 

education levels have a greater likelihood of smoking. Moreover, people with lower 

education levels will also most likely have lower paying jobs and people with lower 

income display greater rates of impulsive choice (Green et al., 1996). Therefore, the 

relationship between smoking and elevations in impulsive choice are unclear as they 

might be a result of education level and/or income level. Moreover, in smokers, 

impulsive choice might be a preexisting condition which may increase one’s propensity 

to smoke (as opposed to smoking resulting in elevated impulsive choice). Animal 

models of impulsivity and risk taking are particularly important for determining how 

these elements of behavioral disinhibition relate to each other and to the underlying 

neural circuitry that may be mediating such behavior, because confounds such as social 

environment and prior experience can be tightly controlled. As a result, animal models 

are useful for disentangling cause/effect relationships in associations observed in 

humans. 
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Animal Measures of Impulsivity 

Impulsive action is most commonly measured in rodents using the five choice 

serial reaction time task (5CSRTT). In this task, which was originally developed to 

assess visual attention, rodents are placed in operant chambers and are required to 

scan five apertures on one wall of the chambers for the presentation of a brief target 

visual stimulus in one of them. When the stimulus occurs, they are required to make a 

nosepoke response at that aperture to obtain a food reward. There are several types of 

errors the rodents can commit in this task (not all of which are linked to impulsivity), but 

for the purposes of this dissertation, the focus will be on “premature errors”. Premature 

errors are responses in an aperture before the target stimulus has been presented and 

are the measure of impulsive action (i.e. failure to wait for the appropriate signal to 

respond) (for review see (Dalley et al., 2004)). Animals that are considered impulsive 

display a greater number of these premature responses. 

Impulsive choice can also be assessed in animals using delay discounting tasks 

that are similar in design to those used in humans. In these tasks, rodents are placed in 

operant chambers and are presented with choices between a smaller, sooner reward or 

a larger, but delayed reward (usually food or water). The delay to reward receipt at 

which an animal prefers the smaller, sooner reward determines the animal’s impulsivity. 

That is, an animal that shifts its preference from the larger, delayed to the smaller, 

sooner reward at a short delay to delivery of the large reward would be considered 

impulsive relative to an animal that is willing to wait for long delays to obtain the large 

reward. Greater discounting of the large reward (e.g. steeper discounting), is indicative 

of a more impulsive animal. 
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Animal Measures of Risk Taking 

There are several animal models of risk-based decision-making that have been 

well-characterized in the literature (Floresco et al., 2008; Zeeb et al., 2009; Jentsch et 

al., 2010b). For example, a commonly used assessment of risk taking is the probability 

discounting task, in which rodents are placed in operant chambers and are required to 

choose between a small, certain reward and a large reward with uncertain delivery (i.e. 

the large reward is associated with varying probabilities of reward delivery). A rat would 

be considered risk taking if it showed a greater preference for the large reward even 

when the probability of reward receipt was very low. 

While this and similar tasks do a good job of modeling some elements of real-

world decisions in humans, the adverse outcomes, or “risks”, are defined by reward 

omission, which may not capture the full spectrum of adverse outcomes in humans. For 

example, players at a poker table must bet on their degree of confidence in the cards 

given to them, and if they lose, they do not just fail to win, but encounter a financial loss 

as well. It is difficult to employ such designs in animals due to the apparent difficulty of 

the use of “earnings” systems in animals (although see (Hackenberg, 2009; Jentsch et 

al., 2010a)). However, tasks in which rewarding outcomes are combined with the risk of 

an explicitly punishing stimulus (Negus, 2005; Van Den Bos et al., 2006) have some 

advantages, in that they capture the ambiguous nature of “real-world” risky decision-

making in humans, in which choices often result in both benefits (rewards) and risks of 

punishment.  

To model such “real-world” risky decision-making, we developed a task in our 

laboratory in which rats are placed in operant chambers and must choose between two 

response levers, one which delivers a small, “safe” food reward (one food pellet) and 
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the other which delivers a large, “risky” food reward (three food pellets) which is 

accompanied by a systematically increasing probability of punishment (a mild 

footshock) (Figure 1-2). Sessions consist of blocks of 10 discrete choice trials each, and 

as the task progresses the risk of punishment increases in each successive block of 

trials. Rats performing this “Risky Decision-making Task” (RDT) display a shift in 

preference from the risky to safe reward as risk of punishment increases within test 

sessions (Figure 1-3), and choice performance remains consistent (i.e. rats’ preference 

for the large, risky reward does not change substantially) over long periods of time 

(Simon et al., 2009b; Mitchell et al., 2011). 

Importantly, as in humans, rats display individual variability in reward preference in 

this task, such that some rats can be characterized as “risk-taking” (showing strong 

preference for the risky reward), whereas others are “risk-averse” (showing a strong 

bias away from the risky reward) (Figure 1-4). This variability is minimally influenced by 

individual differences in several factors that could contribute to choice performance, 

such as appetitive motivation, consummatory motivation, anxiety, and pain tolerance, 

suggesting that risk taking in this task is a distinct behavioral construct . 

Chronic Cocaine Use & Behavioral Disinhibition 

 This dissertation focuses on the effects of cocaine because it is a powerfully 

addictive stimulant drug and second only to marijuana in terms of prevalence of illicit 

drug use (NSDUH, 2011). It also is the best understood illicit drug from the perspective 

of animal models, accounting for more than 40% of published research on drug self-

administration (Ahmed, 2010)). Finally there is a substantial body of literature 

demonstrating long-term cocaine-related neurobiological changes in brain structure and 

function that may have severe consequences for optimal decision-making (for reviews 
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see (Bolla et al., 1998; Tucker et al., 2004; Beveridge et al., 2008; Thomas et al., 2008; 

Lucantonio et al., 2012)). 

Cocaine Use is Associated with Behavioral Disinhibition in Humans 

Cocaine users present with a range of neurobehavioral deficits including 

maladaptive decision-making and the effects of cocaine on decision-making in particular 

have been studied at great length in both humans and animal models (Holman et al., 

1991; Fillmore and Rush, 2002; Schoenbaum et al., 2004; Tucker et al., 2004; 

Schoenbaum and Setlow, 2005; Colzato et al., 2007; Belin et al., 2008; Beveridge et al., 

2008; Anker et al., 2009; Vadhan et al., 2009; Mendez et al., 2010; Cunha et al., 2011). 

It has consistently been shown that cocaine-dependent patients show reliably greater 

impulsive choice in delay discounting tasks (i.e. greater preference for smaller, sooner 

rewards than larger, but delayed rewards) and greater impulsive action as measured by 

the Stop-Signal task (i.e. an inability to inhibit a proponent response) than non-users 

(Bickel and Marsch, 2001; Fillmore and Rush, 2002; Coffey et al., 2003; Heil et al., 

2006; Li et al., 2006; Colzato et al., 2007; Johnson, 2012; Moreno-Lopez et al., 2012), in 

addition to elevated risk taking as measured by the IGT (i.e. greater preference for “bad 

decks”) (Bechara et al., 2001; Bolla et al., 2003; Tucker et al., 2004; Barry and Petry, 

2008; Lane et al., 2010; Cunha et al., 2011). Importantly, maladaptive decision-making 

associated with cocaine use can last well into abstinence. Heil et al. (2006) investigated 

impulsive choice using a delay discounting procedure and showed that there were no 

differences in impulsive choice between cocaine-abstinent and cocaine-dependent 

individuals, but that both of these groups were significantly more impulsive than control 

participants. These results suggest that cocaine users (prior and current) have greater 

impulsive choice than non-users and that this elevation in impulsive choice exists long 
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into abstinence; however it is unclear if greater impulsive choice is a preexisting 

condition or a consequence of cocaine use, nor is it clear what mechanisms may 

underlie relationships between impulsive choice and cocaine use. 

Cocaine-dependent and previous cocaine users present with robust 

neurobiological abnormalities such as reduced gray matter in the orbitofrontal cortex 

(OFC), insula, and cingulate cortex (areas implicated in executive function and decision-

making). Neuroimaging studies in cocaine-dependent patients show a range of 

functional abnormalities including as decreased blood flow in the OFC, insula, and 

areas of the basal ganglia (all implicated in decision-making, reward processing, and 

motivation) during normal conditions (Holman et al., 1991; Volkow et al., 1991; London 

et al., 2000; Bolla et al., 2003; Tucker et al., 2004). The regions which display 

decreased gray matter in cocaine users overlap substantially with the regions that are 

found to have functional abnormalities, suggesting that differences in structure size 

could be causing the functional abnormalities. However, in humans, it has been difficult 

to determine whether individuals have structural or functional abnormalities or 

demonstrate behavioral disinhibition prior to drug use, or if such deficits are a result of 

the drug use itself. Animal models have helped to illuminate this issue as behavioral 

disinhibition can be measured prior to, during, and after drug use. 

Cocaine Use Can Cause Increases in Behavioral Disinhibition 

Animal studies have been utilized to determine whether cocaine can cause the 

increased impulsivity observed in chronic users. There have been mixed findings as to 

whether experimenter-administered cocaine causes increases in impulsivity (Logue et 

al., 1992; Paine et al., 2003; Bornovalova et al., 2005; Winstanley, 2007; Dandy and 

Gatch, 2009; Duva et al., 2011; Zuo et al., 2012). For example, Paine et al. (2003) 
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administered cocaine to rats for 14 days and tested them in a Stop-Signal task and 

found no alterations in impulsive action. Moreover, Dalley et al. (2005) tested rats in the 

5CSRTT after exposure to cocaine and also found no alterations in impulsive action. 

Therefore, there is little evidence to suggest that chronic cocaine increases impulsive 

action. However, there is evidence to suggest that experimenter-administered cocaine 

can cause increases in impulsive choice in delay discounting tasks (Logue et al., 1992; 

Paine et al., 2003; Simon et al., 2007a; Dandy and Gatch, 2009; Zuo et al., 2012). For 

example, Simon et al. (2007a) tested impulsive choice following 3 weeks of abstinence 

from chronic cocaine administration and found that cocaine-exposed rats showed 

greater preference for smaller, more immediately available rewards, which suggests 

that cocaine exposure can cause long-lasting increases in impulsive choice. 

 It is noteworthy to mention that there is ample evidence that the route of 

administration can have large impacts on the neurobiological consequences of cocaine 

administration, which could potentially impact drug-induced changes in impulsivity 

(McFarland et al., 2003; Kalivas and Volkow, 2005). Intravenous (IV) self-administration 

(SA) of cocaine is currently the best animal model of patterns of human drug intake, as 

in this model, drugs are taken voluntarily (as in the case of humans) (Sanchis-Segura 

and Spanagel, 2006). In SA studies, animals are implanted with IV jugular catheters and 

allowed to SA cocaine directly into the blood stream by performing an instrumental 

response (such as a lever press or nosepoke). Furthermore, following extended access 

to cocaine SA animals are more likely to escalate drug consumption (SA more drug in a 

given time period), which is thought to model the escalation of cocaine use observed in 

human chronic cocaine users (Ahmed and Koob, 1998; Roberts et al., 2007). Following 



 

24 

extended access to cocaine SA, animals will also work harder to obtain cocaine 

(Paterson and Markou, 2003), take more risks to seek and/or obtain cocaine (e.g. will 

continue to attempt to gain access to cocaine even when cocaine taking is punished) 

(Vanderschuren and Everitt, 2004), and show an increased rate of reinstatement (i.e. 

higher rates of relapse) (Mantsch et al., 2004; Ahmed and Cador, 2006; Kippin et al., 

2006; Knackstedt and Kalivas, 2007). Therefore, cocaine SA in animals can model 

several components of drug use in humans. 

Our laboratory has shown that SA cocaine can also cause long-term increases in 

impulsive choice comparable to those observed with experimenter-administered 

cocaine (Mendez et al., 2010). Broos et al. (2012) also investigated SA cocaine-induced 

alterations in delay discounting performance by measuring impulsive choice once a 

week through various stages of cocaine SA. Although they did not find that cocaine SA 

increased impulsive choice, rats in their study consumed less cocaine than those in the 

Mendez et al. (2010) study. Indeed, recent data from our laboratory suggest that 

cocaine induced increases in impulsive choice depend on the amount of cocaine 

consumed, such that rats that “high SA rats”, which SA higher quantities of cocaine, 

show increased impulsive choice in a delay discounting task following SA, whereas “low 

SA rats” do not (Weiss et al., 2012). 

Behavioral Disinhibition Can Predict Vulnerability to Cocaine Use 

Recently animal models have been employed to determine if individual differences 

in measures of behavioral disinhibition can predict vulnerability to cocaine use. For 

example, Dalley et al. (2007) investigated relationships between impulsive action as 

measured by the 5CSRTT and cocaine SA in rats. They found that individual variability 

in impulsive action predicted cocaine SA, such that those rats that displayed greater 
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impulsive action also showed greater escalation of cocaine SA compared to rats that 

displayed less impulsive action. Impulsive choice as measured by a delay discounting 

task also predicts acquisition and escalation of cocaine SA (Perry et al., 2005; Anker et 

al., 2009), as well as persistence of cocaine seeking during extinction and propensity for 

relapse following cocaine SA (Broos et al., 2012). In the wild, rats are required to 

explore new areas in search of food; however, doing so too quickly or without the 

necessary precautions can result in injury or death. As a result, novelty exploration in 

which researchers monitor how quickly and how much of a novel environment rats are 

willing to explore, is sometimes used in the laboratory as a measure of risk taking. Rats 

classified as high responders (those rats that display high novelty exploration) acquire 

cocaine SA at a faster rate than low responders (those rats that display low novelty 

exploration), which suggests that increased risk taking may be predictive of cocaine SA 

(Belin et al., 2008; Davis et al., 2008). 

The data from animal studies described above suggest that there may be 

bidirectional relationships between components of behavioral disinhibition and cocaine 

SA, particularly in the case of impulsivity, in which high levels of impulsive choice can 

predict the propensity to SA cocaine, and cocaine SA in turn results in long-lasting 

elevations in impulsive choice. Such findings could suggest that the elevated impulsive 

choice observed in chronic cocaine users may be both a cause and an effect of drug 

use. Cocaine use in humans is also associated with increased risk taking as assessed 

on the IGT and CGT, however, there has yet to be a study directly investigating the 

relationships between risk taking and cocaine use in an animal model, both prior to use 

and after drug exposure. Hence, it is unclear whether elevated risk taking is a 
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preexisting condition that may influence one’s vulnerability to cocaine use in the first 

place and/or if risk taking in cocaine users is a consequence of cocaine use. Moreover, 

because drug use may first present in adolescence and elevated risk taking is a 

hallmark of adolescent development, it is of great importance to determine the 

neurobiological mechanisms mediating the relationships between risk taking and drug 

use. 

Adolescence & Behavioral Disinhibition 

In order to investigate factors predictive of drug use, it makes sense to start with 

the adolescent period, as it is during this period when both behavioral disinhibition and 

drug use often first emerge. Adolescence, defined as ages 10-19 by the World Health 

Organization (WHO, 2008), is a time of substantial maturation. Adolescents are stuck in 

a stage between childhood and adulthood characterized by a desire to form intricate 

groups, companionship, and a sense of belonging (Nelson et al., 2005). It is a period of 

transitions and behavioral changes, including increases (across species) in impulsivity 

(Adriani and Laviola, 2003; Chambers et al., 2003; Vaidya et al., 2004; Steinberg et al., 

2009), novelty and sensation seeking (a personality trait defined by the search for 

experiences that are "varied, novel, complex and intense" and by the readiness to "take 

physical, social, legal, and financial risks for the sake of such experiences." (Leary and 

Hoyle, 2009)) (Zuckerman et al., 1978; Adriani et al., 1998; Douglas et al., 2003; Adriani 

and Laviola, 2004; Stansfield et al., 2004; Stansfield and Kirstein, 2006), and risk taking 

(Spear, 2000; Steinberg, 2008). Luna et al. (2001) state that “impulsivity, risk-taking 

behavior, and novelty-seeking may provide a mechanism to expand the range of 

possibilities that will provide the appropriate feedback for optimal sculpting of the brain.” 

However, such impulsivity and risk taking may also promote maladaptive behavior such 
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as substance abuse. Adolescents are more likely than adults or children to experiment 

with tobacco, alcohol, and illicit drugs, as well as unprotected sex and reckless driving 

(Arnett et al., 1997; Arnett, 1999; Spear, 2000; Chambers et al., 2003). By 12th grade 

nearly 48% of America’s youth has experimented with illicit drugs, nearly 60% have tried 

tobacco, and 71% have sampled alcohol (NIDA, 2010). Because of this adolescent 

vulnerability to drug use, it is of high priority to understand the individual neural and 

cognitive differences present in adolescents that may increase propensity for drug use, 

in order to further the development of clinical and pharmacological-based intervention. 

Evolutionarily, increased risk taking in adolescence may be adaptive, as it would 

facilitate emigration from the natal group and prevent inbreeding (Spear, 2000); 

however, in modern society, these traits may lead to maladaptive behaviors such as 

increased likelihood to partake in drug use, reckless driving, and unprotected sex 

(Arnett et al., 1997; Arnett, 1999; Spear, 2000; Chambers et al., 2003). While 

adolescent risk taking is well established within such social contexts, adolescent risk 

taking in decision-making tasks in the laboratory (which are useful for eliminating 

environmental factors such as social contexts, peer pressure, etc.) has been less well 

studied. In one of the few such studies, Cauffman et al. (2010) tested children, 

adolescents, and adults on a modified version of the IGT and observed that while both 

adolescents and adults improved their decision-making over time, adolescents did so 

more slowly than adults. This suggests that adolescents may be less effective at 

processing relationships between rewards and adverse consequences, such that their 

decision-making is weighted more toward rewarding outcomes without appropriately 

accounting for the risks involved.  
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Adolescent individual differences in preference for immediate rewards, risk taking, 

and sensation seeking have been associated with an earlier age of alcohol and drug 

experimentation (Martin et al., 2002; Kollins, 2003; Laviola et al., 2003; Martin et al., 

2004; Goudriaan et al., 2011), suggesting that adolescents who display high levels of 

behavioral disinhibition may be at an increased risk of substance use and misuse. For 

example, Kollins et al. (2003) investigated impulsive choice (as measured by a delay 

discounting task) among undergraduate students (mean age of 20) and found that 

greater preference for immediate rewards was associated with younger first use of 

marijuana, cigarettes, and alcohol, and a higher total number of illicit drugs used in their 

lifetime. Using a similar population, Goudriaan et al. (2011) investigated the degree to 

which IGT and Stop-Signal performance predicted heavy alcohol use. They found that 

poorer IGT performance predicted heavy drinking in males (but not females), but found 

no relationship between heavy drinking and Stop-Signal performance. 

The majority of studies investigating adolescent individual variability in behavioral 

disinhibition have used adolescents who are already using drugs (as in the previous two 

examples) or children of drug users. For example, Bauman et al. (1986) compared 

preschool children of methadone-maintained mothers to children of non-addicted 

mothers and showed that children of methadone-maintained mothers were more 

impulsive, immature, and irresponsible. This could suggest that possible early life (in 

utero) drug exposure resulted in these elements of behavioral disinhibition. However, 

there are caveats when investigating children of drug users. While it is clear that 

prenatal drug exposure, genetics, or environmental/social factors (e.g. poor parenting) 

may influence child behavior, it is unclear to what extent each of these factors 
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influenced the behavior of the children studied. For example Bauman et al. (1986) also 

reported that methadone-maintained mothers scored lower on tests of parenting 

behavior, suggesting that the elevations in impulsivity, immaturity, and irresponsibility 

seen in their children could have resulted from environmental (or genetic) factors, rather 

than solely from prenatal drug exposure. Notably, Anokin et al. (2011) compared 

impulsive choice among twins and found that twins displayed similar choice preference, 

providing support for a genetic basis of this aspect of impulsivity. The ability to model 

individual variability in decision-making in animals can help to illuminate possible 

genetic/neurobiological factors that may influence behavioral disinhibition by allowing 

relatively tight control over environmental factors. 

Dopamine 

The neurotransmitter dopamine is thought to play a central role in both behavioral 

disinhibition and drug use. A metabolite of the amino acid tyrosine, 3-hydroxytyramine 

(dopamine) has become one of the most widely studied monoamines since the 

discovery of its physiological functions in 1957 (Carlsson et al., 1957). Dopamine 

generally exerts its effects by modulating the neurotransmission of GABA and 

glutamate. There are four main dopaminergic pathways in the mammalian brain: 

nigrostriatal (connecting the substantial nigra to the striatum), mesolimbic (connecting 

the ventral tegmental area to the nucleus accumbens, amygdala, hippocampus, and 

medial prefrontal cortex [mPFC]), mesocortical (connecting the ventral tegmental area 

to the cerebral cortex (especially the prefrontal cortex)), and tuberinfundibular 

(connecting the hypothalamus and median eminence) (Anden et al., 1964; Dahlstroem 

and Fuxe, 1964). These neurons are heavily implicated in mediating voluntary 

movement, feeding, reward, sleep, attention, working memory, and learning, to name 
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just a few of the roles ascribed to them (Snyder et al., 1970; Missale et al., 1998; Sibley, 

1999; Carlsson et al., 2001; Iversen and Iversen, 2007). 

The actions of dopamine are mediated by five different G protein-coupled receptor 

subtypes, which can be classified as either D1-like (D1 & D5), which are excitatory as 

they are positively coupled to adenylyl cyclase, or D2-like (D2, D3, & D4), which tend to 

be inhibitory as they are negatively coupled to adenylyl cyclase (Spano et al., 1978; 

Kebabian and Calne, 1979; Andersen et al., 1990; Niznik and Van Tol, 1992; Sibley and 

Monsma, 1992; Sokoloff et al., 1992; Civelli et al., 1993; Vallone et al., 2000). D1-like 

receptors are primarily found postsynaptically whereas D2-like receptors are found both 

postsynaptically and presynaptically (as an autoreceptor) on dopaminerigc neurons 

(Sokoloff et al., 2006; Rankin et al., 2010; Rondou et al., 2010). D1 and D5 receptors 

share 80% of their homology whereas D3 and D4 receptors share 75% and 53% 

homology with D2 receptors, respectively (Gingrich and Caron, 1993; Missale et al., 

1998). As a consequence of these similarities and differences, dopamine receptor 

subtypes differ in their sensitivity to dopaminergic agonists and antagonists. 

Dopaminergic drugs distinguish well between D1- & D2-like receptors, but it has proven 

difficult to find pharmacological compounds that readily distinguish among the members 

of the D1-like or D2-like families (Missale et al., 1998; Sokoloff et al., 2006; Rankin et 

al., 2010; Rondou et al., 2010). 

Dopamine receptors have very broad expression patterns within the brain, with D1 

and D2 expression being most prominent. D1 receptors are highly expressed in three of 

the pathways mentioned earlier, the nigrostriatal, mesolimbic, and mesocortical, which 

include brain regions such as the caudate-putamen (dorsal striatum), nucleus 
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accumbens (ventral striatum), substantia nigra, olfactory bulb, amygdala, and frontal 

cortex, with lower levels of expression in the cerebellum, hippocampus, thalamus, and 

hypothalamus. In contrast, D5 receptors are only expressed at low levels in the cortex, 

substantia nigra, hypothalamus, hippocampus, and at even lower levels in the striatum 

(Missale et al., 1998; Gerfen, 2000; Sokoloff et al., 2006; Rankin et al., 2010). D2 

receptors are expressed at very high levels in the striatum (both dorsal and ventral) and 

olfactory tubercle, and at high levels in the substantia nigra, ventral tegmental area, 

hypothalamus, cortex, septum, amygdala, and hippocampus (Missale et al., 1998; 

Gerfen, 2000; Vallone et al., 2000; Seeman, 2006). D3 receptors have limited 

expression in the brain, with highest levels in the nucleus accumbens, olfactory 

tubercle, and the islands of Calleja (Sokoloff et al., 1992; Missale et al., 1998). D4 

receptors have the lowest expression of any dopamine receptor and are found in the 

frontal cortex, amygdala, hypothalamus, substantia nigra, and thalamus (Missale et al., 

1998; Rondou et al., 2010) (for comprehensive review on dopamine and dopamine 

receptors see (Beaulieu and Gainetdinov, 2011)). 

Dopaminergic Regulation of Behavioral Disinhibition 

Dysregulation of dopamine signaling has been strongly implicated in behavioral 

disinhibition. For example, acute pharmacological dopamine depletion in healthy people 

results in increases in risky choice in the IGT (Sevy et al., 2006), possibly by interfering 

with the components of the decision-making process which bias attention toward more 

recent rather than long term outcomes. These data suggest that dopamine depletion 

can bias behavior toward a more risk taking pattern and that the same mechanisms 

might also bias behavior toward sooner as opposed to delayed rewards. Such findings 

are consistent with evidence that systemic administration of dopaminergic receptor 
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antagonists can increase impulsive choice (Setlow et al., 2009). Somewhat surprisingly, 

administration of dopaminergic agonists and precursors commonly used in the 

treatment of PD can also result in behavioral disinhibition, including impulse control 

disorders (Burn and Troster, 2004; Nirenberg and Waters, 2006). For example, Molina 

et al. (2000) first reported that some patients with PD develop pathological gambling 

and that the behavior usually comes on or worsens with levadopa therapy (used to 

increase dopamine availability throughout the brain). Since then, the phenomenon has 

been observed in other PD patient groups ((Giovannoni et al., 2000; Gschwandtner et 

al., 2001; Driver-Dunckley et al., 2003), for review see (Lader, 2008)) and has been 

studied in laboratory settings. Pagonabarraga et al. (2007) investigated the ability of 

medicated PD patients to perform the IGT. They found that the PD group displayed 

worse performance on the task, by preferring the “bad decks” that offer high rewards but 

ultimately long-term losses. Other studies have found similar results in PD patients 

taking dopamine replacement therapies (Perretta et al., 2005; Pagonabarraga et al., 

2007; Kobayakawa et al., 2008; Delazer et al., 2009; Ibarretxe-Bilbao et al., 2009), 

suggesting that, as with dopamine depletion, increases in dopaminergic signaling can 

also result in increases in behavioral disinhibition. One way to explain these seemingly 

contradictory results is that the influence of dopamine signaling on optimal behavioral 

performance may follow an inverted U-shaped function, such that levels of dopamine 

that are too low (as a result of dopamine depletion) or too high (as result of dopamine 

replacement therapy), can both result in suboptimal decision-making capabilities (Kish 

et al., 1988; Cools et al., 2001). However, one major caveat in the PD literature 

described above is that measures of behavioral disinhibition are not taken prior to the 
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onset of PD symptoms. Therefore, it is possible that the individuals who present with 

behavioral disinhibition after PD onset or dopamine replacement therapy may have 

exhibited behavioral disinhibition prior to PD onset or treatment. A recent study using an 

animal model of PD in which dopamine terminals in the striatum were lesioned found 

that the lesion alone did not alter performance on a probabilistic discounting task, but 

administration of the D2/D3 agonist pramipexole (which is used to treat PD) resulted in 

increased preference for the large, risky reward in both lesioned and control groups 

(Rokosik and Napier, 2012). These findings align with the clinical condition (described 

above) in which PD patients undergoing dopamine replacement therapy tend to show 

increased risk taking, but suggest that this effect is not specific to PD. 

Studies investigating relationships between dopamine receptor expression or 

function and behavioral disinhibition have provided mounting evidence which suggests 

that D2-like dopamine receptors are particularly involved in mediating individual 

propensity for both behavioral disinhibition and addiction (Robbins and Everitt, 1999) 

(for review see (Dagher and Robbins, 2009)). For example, in humans, there are two 

gene polymorphisms that result in reduced striatal D2 receptor expression, TAQ-1A and 

C957T (Thompson et al., 1997; Jonsson et al., 1999; Hirvonen et al., 2004). People with 

these polymorphisms display a poorer ability to learn from negative feedback (Frank et 

al., 2007; Klein et al., 2007), elevated impulsivity and higher rates of addiction, and 

compulsive behaviors (Comings et al., 1996; Klein et al., 2007).  

Animal studies have shown that acute administration of D2 receptor agonists 

increases and antagonists decreases risk taking when the risk of an adverse 

consequence is reward omission (St Onge and Floresco, 2009a; Zeeb et al., 2009). 
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This result is in contrast to the human polymorphism studies mentioned earlier, as D2 

receptor activation would result in decreased risk taking in individuals who have 

decreased D2 receptor expression. However, as mentioned earlier, such cost-benefit 

decision-making tasks in rodents (e.g. probabilistic discounting) utilize reward omission 

as an adverse outcome. However, such rodent tasks may not capture the full spectrum 

of adverse consequences in humans because “real-world” risk taking often results in a 

tangible loss or in situations in which rewarding outcomes are combined with 

punishment. Simon et al. (2011) investigated the effects of acute systemic 

administration of D1 and D2 agonists and antagonists on preference for the large, risky 

reward in the RDT. They found that neither a D1 agonist nor antagonist produced 

alterations in choice behavior; however, administration of a D2 agonist produced a 

dose-dependent decrease in choice of the large, risky reward, which is consistent with 

what is seen in humans. Administration of a D2 antagonist did not alter choice behavior, 

which suggests that D2 receptor activation is not necessary but is sufficient to shift 

behavior toward a more risk averse pattern. In addition, expression of D2 receptors in 

the striatum has also been linked to impulsive action in rats, such that lower levels of D2 

receptor binding in the striatum are associated with greater impulsive action as 

measured by the 5CSRTT (Dalley et al., 2007). Similar to these findings and the 

findings in the humans showing greater behavioral disinhibition in individuals with lower 

striatal D2 expression, previous work from our laboratory showed that D2 receptor 

mRNA levels in the dorsal striatum were negatively related to risk taking in the RDT, 

such that rats with high levels of risk taking displayed lower D2 receptor mRNA levels 

(Simon et al., 2011). Taking these data together, it is clear that dopamine plays a 
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substantial role in modulating behavioral disinhibition, although the exact nature of this 

relationship is unclear. 

Dopamine & Relationships between Behavioral Disinhibition and Cocaine Use 

There is growing evidence that dopamine signaling may mediate the relationship 

between behavioral disinhibition and cocaine use. Greater impulsive action as 

measured by the 5CSRTT and lower levels of D2 expression in the striatum are 

associated with high levels of cocaine SA (Nader et al., 2006; Dalley et al., 2007; 

Johnson and Kenny, 2010). Chronic stimulant users also display elevated risk taking 

and decreased D2 receptor expression in the striatum (Bechara et al., 2001; Nader et 

al., 2006; Volkow et al., 2007). As described above, altered dopamine transmission is 

associated with maladaptive decision-making. In rats, there is a negative relationship 

between impulsive action and D2-like receptor binding in the striatum prior to cocaine 

SA, such that rats with greater impulsive action displayed less receptor binding (Dalley 

et al., 2007). Such findings suggest that the decrease in striatal D2 expression seen in 

human cocaine addicts may be (at least in part) a predisposing trait and not solely a 

result of cocaine use. Studies in animals report altered dopamine transmission (Franklin 

et al., 2002; Lane et al., 2010) and decreased dopamine receptor binding sites, 

especially in the striatum, after cocaine SA (Moore et al., 1998; Nader et al., 2006), 

which is similar to what is seen in human patients, in which D2-like receptor availability 

in the ventral striatum is decreased in chronic stimulant users (Volkow et al., 2001). In 

sum, these data suggest a bidirectional relationship between striatal D2 expression and 

cocaine SA, such that low striatal D2 receptor expression can predict the propensity for 

cocaine SA, but may also be caused by cocaine SA (and possibly indicative of a greater 

propensity for relapse). These data also suggest the existence of a bidirectional 
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relationship between cocaine use and measures of behavioral disinhibition. Hence, it is 

of great importance to determine the relationships between these three factors (D2 

expression, cocaine SA, and behavioral disinhibition). 

Dopamine & Adolescent Development 

The data described above linking dopamine signaling to behavioral disinhibition 

suggest that suboptimal decision-making and engaging in possibly deleterious behavior 

(e.g. reckless driving, drug use, etc.) during adolescence may be a result of alterations 

in dopaminergic signaling as this system matures throughout development (Seeman et 

al., 1987; Kalsbeek et al., 1988; Teicher et al., 1995; Tarazi et al., 1998, 1999; Spear, 

2000). For example, a study in rats showed that dopamine inputs into the prefrontal 

cortex (implicated in decision-making) increase in density during adolescence and into 

adulthood (Kalsbeek et al., 1988). Furthermore, both human and animal studies have 

shown a marked increase in dopamine receptor expression within the striatum 

(implicated in reward processing), which peaks in mid-adolescence and then steadily 

declines into adulthood (Seeman et al., 1987; Teicher et al., 1995; Tarazi et al., 1998, 

1999). Importantly, these changes in dopamine expression during development occur in 

brain regions that are implicated in behavioral disinhibition (Bechara et al., 1994; 

Bechara et al., 1996; Bechara et al., 1999; Dalley et al., 2004; Balleine et al., 2007; 

Dalley et al., 2007; Eagle et al., 2011)(for reviews see (Dalley et al., 2004; Chudasama 

and Robbins, 2006; Schultz, 2010)), and reward valuation (Berridge and Robinson, 

1998; Schultz, 1998). Taken together, individual differences in behavioral disinhibition in 

adolescents may be influenced by structural and dopaminergic alterations throughout 

development within brain regions that are implicated in behavioral disinhibition. 

Furthermore, since dopaminergic signaling is associated with risk taking and drug use, it 
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will, therefore, be critical to determine if risk taking behavior, mediated by the 

dopaminergic system, in adolescence can predict the propensity for drug use in the 

future. 

 

 

Figure 1-1. Delay Discounting Curve. The curve on the left represents a non-impulsive 
delay discounting curve in which preference for the large reward decreases 
as the delay to reward delivery increases (and preference shifts toward the 
smaller sooner rewards). The curve on the right represents what a delay 
discounting curve may look like for an impulsive individual in which 
preference shifts very rapidly from the large, delayed reward to the smaller, 
sooner reward even at very short delays to reward receipt. 
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Figure 1-2 Risky Decision-making Task. This schematic outlines the task performed by 
rats and contingencies associated with choice of either lever. 
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Figure 1-3. Risky Decision-making Task Performance. Mean group performance on the 
RDT shows that rats shift their preference from the large, risky reward (y-axis) 
to the small, safe reward as the risk of punishment increases (x-axis). 
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Figure 1-4. Individual Variability in Risky Decision-making Task Performance. Each line 
on this graph represents an individual rat’s performance in the RDT. 
Importantly, some rats show a strong preference for the large, risky reward 
even when the risk of punishment is high and other rats show a strong bias 
away from the large, risky reward even when the risk of punishment is low. 
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CHAPTER 2 
PURPOSE 

Overall Goal: The overall goal of this dissertation project was to determine the 

neurobiological mechanisms mediating relationships among adolescent risk taking, drug 

use, and dopamine signaling. The three main objectives of this research project, which 

combined my research interests and experience in animal models of drug addiction, 

decision making, and adolescent development, were as follows: 

Experiment 1: To test the hypothesis that adolescent risk taking is predictive 

of and also altered by cocaine self-administration. Adolescence is a period 

characterized by high levels of risky behavior and vulnerability for drug use; however, it 

is unclear how these two factors are related. Experiment 1 used a rat model to 

determine whether risk taking in adolescence is a significant predictor of propensity to 

self-administer cocaine in young adulthood. Rats were first characterized in the RDT 

during adolescence. Upon reaching adulthood, the relationships between acquisition of 

cocaine SA and risk taking were evaluated. In addition, because chronic cocaine can 

alter cognitive processes relevant to risk taking (suggesting that elevated risk taking in 

chronic cocaine users could also be due in part to effects of the drug itself – hence the 

“vicious circle”), rats were re-tested in the RDT following cocaine SA, to determine 

whether cocaine SA has long-lasting effects on risk taking. 

Experiment 2: To characterize the hypothesized relationship between 

dopaminergic markers and risky decision-making. Research in both humans and 

animals has identified components of the dopaminergic system, particularly D2-like 

receptors, as important regulators of risk taking behavior. To determine whether these 

dopaminergic markers could mediate relationships between adolescent risk taking and 
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future cocaine self-administration, adolescent rats were trained in the RDT as in 

Experiment 1, followed by sacrifice during young adulthood. Their brains were 

processed for in situ hybridization for D1 and D2 mRNA and region-specific mRNA 

expression in prefrontal and striatal areas implicated in decision-making was related to 

individual differences in risk taking (Bizon et al., 2001). 

Experiment 3: To functionally test the hypothesized causal relationship 

between dopamine signaling in specific brain regions and individual variability in 

risky decision-making. Experiment 2 provided novel data concerning relationships 

between components of the dopaminergic system and risk taking, but the nature of 

these studies does not allow explicit determination of causal roles. To begin to 

determine the functional relevance of relationships observed between individual 

differences in risk taking and dopaminergic markers, we used microinjections of 

quinpriole (a D2-like agonist) targeted at either the dorsal or ventral striatum to 

determine how D2 activation modulates choice behavior in the RDT. 
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CHAPTER 3 
EXPERIMENT 1: TO TEST THE HYPOTHESIS THAT ADOLESCENT RISK TAKING IS 

PREDICTIVE OF AND ALTERED BY COCAINE SELF-ADMINISTRATION. 

Introduction 

Adolescents generally have poor decision-making capabilities, including across-

species elevations in impulsivity (Adriani and Laviola, 2003; Chambers et al., 2003; 

Vaidya et al., 2004; Steinberg et al., 2009), novelty and sensation seeking (Zuckerman 

et al., 1978; Adriani et al., 1998; Douglas et al., 2003; Adriani and Laviola, 2004; 

Stansfield et al., 2004; Stansfield and Kirstein, 2006), and risk taking (Spear, 2000; 

Steinberg, 2008) compared to both adults and children. Moreover, there is some 

evidence that adolescent risky behavior is predictive of future drug use (Laviola et al., 

2003). The relationships between adolescent risk taking and the propensity for drug use 

are difficult to disentangle in humans; however, these relationships can be investigated 

experimentally using animal models (Laviola et al., 2003). 

Chronic cocaine use is associated with maladaptive decision-making such as 

increased risk taking; however it remains unclear whether elevated risk taking is a factor 

that predisposes some individuals to cocaine use, and/or if cocaine use itself causes 

elevations in risk taking. A growing body of data from animal models suggests that 

chronic cocaine exposure can produce lasting impairments in other forms of decision-

making, as well as cognitive processes relevant to risk taking (Schoenbaum and Setlow, 

2005; Simon et al., 2007a; Setlow et al., 2009; Mendez et al., 2010); however, it is not 

clear whether chronic cocaine directly affects risk taking behavior. The goal of 

Experiment 1 was to address these questions by determining whether adolescent risk 

taking predicts subsequent cocaine SA and whether cocaine SA causes elevations in 

risk taking. These questions are of considerable importance as adolescent risk taking 
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may predispose individuals to a greater vulnerability to drug use, and chronic drug-

induced elevations in risk taking have the potential to promote further drug use and 

relapse. 

Methods 

Subjects 

Male Long-Evans rats (n=42, P26; Charles River Laboratories, Raleigh, NC) were 

individually housed and kept on a 12h light/dark cycle (lights on at 0800 hours) with free 

access to food and water except as noted. During behavioral testing, rats were 

maintained at 85% of their free-feeding weight, with allowances for growth. In 

adolescent rats, free feeding weight was adjusted every 4 days to account for growth 

using the Long-Evans growth chart provided by Charles River. All animal procedures 

were conducted during the light cycle (0800 – 1700) and were approved by the 

University of Florida Institutional Animal Care and Use Committee and followed NIH 

guidelines.  

Apparatus 

 Testing was conducted in standard behavioral test chambers (Coulbourn 

Instruments, Whitehall, PA) housed within sound-attenuating isolation cubicles. Each 

chamber was equipped with a recessed food pellet delivery trough fitted with a 

photobeam to detect head entries and a 1.12 W lamp to illuminate the food trough, 

which was located 2 cm above the floor in the center of the front wall. Forty-five mg 

grain-based food pellets (PJAI, Test Diet, Richmond, IN) could be delivered into the 

food trough. Two retractable levers were located to the left and right of the food trough, 

11 cm above the floor. A 1.12 W house light was mounted on the rear wall of the 

isolation cubicle. The floor of the test chamber was composed of steel rods connected 
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to a shock generator that delivered scrambled footshocks. Locomotor activity was 

assessed throughout each session with an infrared activity monitor mounted on the 

ceiling of the test chamber. This monitor consisted of an array of infrared (body heat) 

detectors focused over the entire test chamber. Movement in the test chamber (in x, y, 

or z planes) was defined as a relative change in the infrared energy falling on the 

different detectors. Test chambers were interfaced with a computer running Graphic 

State software (Coulbourn Instruments), which controlled task event delivery and data 

collection. 

Behavioral Procedures 

Shaping  

Shaping procedures followed those used previously (Cardinal et al., 2000; Simon 

et al., 2007b; Simon et al., 2009a). Following magazine training, rats were trained to 

press a single lever (either the left or the right, balanced across rats; the other lever was 

retracted during this phase of training) to receive a single food pellet. After reaching a 

criterion of 50 lever presses in 30 min, rats were then trained on the opposite lever 

under the same criterion. This was followed by further shaping sessions in which both 

levers were retracted and rats were shaped to nose poke into the food trough during 

simultaneous illumination of the trough and house lights. When a nose poke occurred, a 

single lever was extended (left or right), and a lever press resulted in immediate delivery 

of a single food pellet. Immediately following the lever press, the trough light was 

extinguished and the lever was retracted. Rats were trained to a criterion of 30 presses 

on each lever within 60 min. 
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Risky Decision-Making Task 

Testing procedures were similar to Simon et al. (2009a) and Mitchell et al. (2011). 

The RDT was modified slightly by reducing trial number to maintain attention and 

prevent satiation due to the smaller body size of adolescent rats. Sessions were 48 min 

in duration and consisted of 5 blocks of trials. Each 40 s trial began with a 10 s 

illumination of the food trough and house lights. A nose poke into the food trough 

extinguished the trough light and triggered extension of either a single lever (forced 

choice trials) or of both levers simultaneously (free choice trials). If rats failed to nose 

poke within the 10 s time window, the lights were extinguished and the trial was scored 

as an omission. A press on one of the levers (either left or right, balanced across rats) 

resulted in one food pellet (the small safe reward) delivered immediately following the 

lever press. A press on the other lever resulted in immediate delivery of three food 

pellets (the large, risky reward); however, selection of this lever was also accompanied 

immediately by a possible 1 s footshock contingent on a preset probability specific to 

each trial block. The large reward was delivered following every choice of the large 

reward lever, regardless of whether or not the footshock occurred. The probability of 

footshock accompanying the large reward was set at 0% during the first block of trials. 

In subsequent blocks of trials, the probability of footshock increased to 25, 50, 75, and 

100%. Each trial block began with 8 forced choice trials, 4 for each lever (except for the 

first and last blocks in which only 4 forced choice trials, 2 for each lever, were 

presented) used to establish the punishment contingencies, followed by 8 free choice 

trials (Cardinal and Howes, 2005; Simon et al., 2007b; Simon et al., 2009a; St Onge 

and Floresco, 2009b). Once either lever was pressed, both levers were immediately 

retracted. Food delivery was accompanied by re-illumination of both the food trough and 
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house lights, which were extinguished upon entry to the food trough to collect the food 

or after 10 s, whichever occurred sooner. On the forced choice trials (in which only one 

lever was present) the probability of shock following a press on the large reward lever 

was dependent across the four trials in each block. For example, in the 25% risk block, 

one and only one of the four forced choice trials (randomly selected) always resulted in 

shock, and in the 75% risk block, three and only three of the four forced choice trials 

always resulted in shock. In contrast, the probability of shock on the free choice trials (in 

which both levers were present) was entirely independent, such that the probability of 

shock on each trial was the same, irrespective of shock delivery on previous trials in 

that block. Upon completion of the task (at age P55) rats were returned to their home 

cages and allowed to mature to young adulthood (60 days of age (Odell, 1990)).  

Rats were separated into two groups based on performance in the RDT. One 

underwent implantation of intravenous (IV) jugular catheters for cocaine SA and the 

other underwent sucrose SA procedures. Each sucrose SA rat was matched with a 

cocaine SA rat based on performance in the RDT (for example, two rats that chose the 

large, risky reward 100% of the time in all five blocks would be paired with each other). 

Implantation of Intravenous Jugular Catheters  

Rats (n = 28, P70) were anesthetized using isoflurane gas. Using sterile 

techniques, a catheter were inserted into the right jugular vein and sutured to muscle 

tissue in the area of the vein. The catheter was then passed subcutaneously through 

the body and attached to a back mount cannula connector pedestal. This plastic 

pedestal consisted of a threaded cylindrical top on a base molded around a stainless 

steel tube that projected upward, and was passed through a small incision in the skin 

over the scapulae. Rats were allowed at least 5 days of recovery from surgery prior to 
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commencing cocaine SA. During this recovery period, antibiotic ointment was applied to 

the incision sites, and catheters were flushed daily with heparinized saline and for the 

first seven days with an antibiotic solution to prevent occlusions (Nation et al., 2004; 

Wellman et al., 2007). Catheters were also tested weekly for patency using an IV 

infusion of 0.1 mL propofol, which would anesthetize the rat briefly given the catheter 

was indeed patent. 

Cocaine Self-Administration Group 

Cocaine SA was conducted in 12 identical standard rat test chambers (30.5 × 25.4 

× 30.5 cm, Coulbourn Instruments, Whitehall, PA) housed in sound-attenuating 

cubicles. Each chamber was equipped with two nosepoke holes located on the left and 

right side of the front wall of the test chamber, and which could be illuminated with a 

light located inside of the hole. Twenty mL syringes mounted on infusion pumps were 

used for IV drug delivery to rats in each test chamber. These syringes were connected 

via PE50 tubing to a fluid swivel and from there to a fluid line which mated to the back 

mount connector pedestal. The system was interfaced with a computer running Graphic 

State software to control drug delivery and record data from each of the chambers. 

During SA sessions, only one of the two nosepoke holes was illuminated (the left/right 

position of the illuminated hole remained constant across all sessions). Cocaine solution 

was delivered on a fixed ratio 1 (FR1) schedule following a nosepoke into the 

illuminated (active) nosepoke hole in a volume of 0.16 mlL over 6 s. Responses at the 

non-illuminated (inactive) nosepoke hole were recorded but had no programmed 

consequences. Following recovery from surgery, cocaine SA began with five daily 2 h 

sessions at 0.3 mg/kg/infusion followed by five 2 h sessions at 0.5 mg/kg/infusion. The 

goal of these relatively low dose and short access sessions was to try to accentuate 
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individual differences in the acquisition of cocaine SA. To assess escalation of cocaine 

intake, session duration was increased to 6 h for an additional 14 sessions, and the 

cocaine dose was increased to 1.0 mg/kg/infusion. Escalation of intake (reflected by 

increased intake across sessions) during these long access conditions is thought to be 

related to the transition to drug addiction (Ahmed and Koob, 1998; Roberts et al., 2007). 

Sucrose Self-Administration Group (Control) 

Another group of rats (n = 14) was trained to nosepoke (FR1) to obtain access to a 

20% sucrose solution on a schedule such that the number of sucrose reinforcers 

allowed to be earned by each rat was yoked to the number earned by its partnered 

cocaine rat. For example, if a cocaine rat received 50 infusions, then his sucrose 

partner was allowed to self-administer only 50 sucrose deliveries. These procedures 

controlled for the total amount of instrumental learning experience and reward receipt. 

Sucrose reinforcers were delivered by a dipper cup located in a liquid trough positioned 

in the center of the front wall of the test chamber between the two nosepoke holes. 

Sucrose SA was paired for each day of cocaine SA throughout the entirety of the 

experiment (i.e. during both cocaine acquisition and escalation). 

Reassessment of Risky Decision-making 

 Following all SA procedures (both cocaine and sucrose), rats were left 

undisturbed in their home cages for 3 weeks to ensure adequate drug washout before 

returning to the RDT for retesting for an additional 20 sessions, at which point stable 

performance was evident.  

Data Analysis 

 Raw data files were exported from Graphic State software and compiled using a 

custom macro written for Microsoft Excel (Dr. Jonathan Lifshitz, University of Kentucky). 
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Statistical analyses were conducted in SPSS 20. Stable performance was defined by 

the absence of a main effect of session, the absence of an interaction between session 

and trial block, and the presence of a main effect of trial block within a repeated 

measures ANOVA over a 5 session period (Winstanley et al., 2006; Simon et al., 2009a; 

Simon et al., 2010). In all cases, p values less than .05 were considered significant. 

Pearson’s correlations were used to compare adolescent performance on the RDT 

(mean percent choice of the large, risky reward) with the average daily of cocaine intake 

during the acquisition period. Performance in the RDT pre- and post-cocaine SA was 

examined using a repeated measures ANOVA (drug condition x pre/post SA x 

punishment probability). Relationships between SA variables and pre- and post-cocaine 

RDT performance were examined using Pearson’s correlations. 

Results 

Rats achieved stable performance in the RDT during adolescence (21 – 26 

sessions), with substantial individual variability in reward preference (Figure 3-1). Rats 

were then assigned to one of two groups for cocaine or sucrose SA, balanced for 

adolescent performance in the RDT. Prior to SA experience, there were no differences 

in RDT performance between the rats assigned to the cocaine and sucrose groups 

(main effect of block, F(4,84) = 50.33, p < 0.0001; main effect of group, F(1,21) = 0.33, p > 

0.57; block x group interaction, F(4,84) = 1.84, p > 0.13) (also see top graph in Figure 3-

4). 

Adolescent Risk Taking as a Predictor of Future Cocaine Self-Administration 

 One of the primary goals of this experiment was to determine the relationship 

between adolescent risk taking and subsequent cocaine SA. Accordingly, there was a 

significant positive bivariate correlation between adolescent risky decision-making and 
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mean cocaine intake during the 5 days of the 0.5 mg/kg/infusion dose, such that greater 

preference for the large, risky reward in adolescence was associated with greater 

cocaine intake (r = 0.45, p < .05; Figure 3-2). Adolescent RDT performance was not 

correlated with mean cocaine intake during the 5 days of 0.3 mg/kg/infusion (r = 0.36, 

n.s.) nor with mean cocaine intake during the 14 days of 1.0 mg/kg/infusion (r = -0.25, 

n.s.). 

Long-term Alterations in Risky Decision-making as a Result of Cocaine Self-
Administration 

Following cocaine (or sucrose) SA as described above, rats were returned to their 

home cages and remained abstinent for the remainder of the experiment. After 3 weeks, 

they were food restricted and retrained in the RDT for an additional 20 daily sessions. 

Final RDT performance was recorded during the last 5 RDT test sessions (following 6 

weeks of cocaine abstinence) at which point rats had regained stable behavior (as 

described above). RDT data (percent choice of the large, risky reward) were analyzed 

using a 3-factor ANOVA (time [pre- vs. post-SA] x SA condition [cocaine vs. sucrose 

SA] x block). This analysis did not reveal main effect of time (F(1,21) = 1.52, p > 0.2), but 

did reveal main effects of SA condition (F(1,21) = 4.45, p < 0.05) and block (F(4,84) = 

39.23, p < 0.0001), as well as interactions between SA condition and block (F(4,84) = 

3.12, p < 0.05) and between time, SA condition, and block (F(4,84) = 5.29, p < 0.001). 

Most importantly, however, there was a significant interaction between time and SA 

condition (F(1,21) = 6.48, p < 0.05), such that the difference between rats that underwent 

cocaine and sucrose SA was different in the pre- vs. post-SA periods. To further 

investigate these effects, follow up 2-factor ANOVAs (SA condition x block) were used 

to compare rats in each SA condition during the pre- and post-SA periods. Whereas 
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there was no difference between drug conditions pre-SA (see statistics above), 

following SA, there was a significant main effect of SA condition such that cocaine SA 

rats chose the large, risky reward significantly more than sucrose SA rats (main effect of 

SA condition, F(1,22) = 8.51, p < .01; interaction between SA condition and block, F(4,88) = 

12.80, p < .0001)(Figure 3-3). Additional comparisons of pre- vs. post-SA performance 

within each SA condition revealed that rats in the cocaine SA group significantly 

increased their choice of the large, risky reward from pre- to post-SA (F(1,8) = 7.19, p < 

.05), whereas sucrose SA rats did not (F(1,13) = 0.99, p > 0.3). Interestingly, within the 

sucrose SA group there was a significant interaction between time and block (F(4,52) = 

4.22, p < 0.05), indicating that, as adults, rats shifted their preference to the small, safe 

reward more rapidly than they did in adolescence (Figure 3-4). To determine whether 

the elevated choice of the large, risky reward following cocaine SA was related to the 

amount of cocaine consumed, a Pearson’s correlation was conducted between mean 

choice of the large, risky reward (post SA) and cumulative cocaine intake. There was no 

significant relationship between these two variables (r = -0.20, p > 0.6). 

Activity Measures  

Baseline locomotor activity was measured during the intertrial intervals (when no 

lights or levers were present) during the choice sessions in the RDT. There were no 

differences between cocaine and sucrose SA groups, either pre- or post-SA (Pre: t(21) = 

-1.31, n.s.; Post: t(20) = 0.45, n.s.). Shock reactivity (measured as the locomotor activity 

during the 1 s shock period) was also compared between cocaine and sucrose SA 

groups. There were no differences between groups pre-SA (t(21) = -0.38, n.s.) or post-

SA (t(20) = 0.16, n.s.). Baseline locomotor activity in cocaine SA rats post-SA was near 

significantly correlated with the total amount of cocaine intake (r = 0.64, p = 0.06); 
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however shock reactivity in cocaine SA rats post-SA was not correlated with cocaine 

intake (r = 0.15, n.s.) (see Table 3-3). Moreover, neither locomotion nor shock reactivity 

during adolescence correlated with cocaine intake (locomotion: r = 0.10, n.s.; shock 

reactivity: r = -0.47, n.s.). 

Other Variables 

 At no time point (during adolescence, during cocaine SA, or during the post-SA 

sessions) did body weight correlate with choice preference in the RDT or cocaine intake 

(r’s = -0.34 to 0.36). Adolescent choice of the large, risky reward in the RDT was 

correlated with preference in the task as adults after sucrose SA (r = 0.61, p < 0.05), but 

not after cocaine SA (r = -0.11, n.s.) (see Tables 3-3 and 3-4). Omissions (omitted 

choice trials) were very low in both cocaine and sucrose SA rats upon return to the RDT 

(0.08% and 0.09% respectively). 

Discussion 

 This study is the first to investigate trait-like behaviors in adolescent rats that may 

predict future cocaine SA and to examine long-term effects of cocaine SA on risky 

decision-making. The results suggest that high levels of risk taking in adolescence may 

be indicative of increased vulnerability to cocaine use and that cocaine use itself, in 

turn, can cause long-lasting elevations in risk taking that are present even after 6 weeks 

of abstinence.  

The finding that elevated risk taking in adolescence is a predictor of future cocaine 

SA is consistent with both human and animal literature measuring behavioral 

disinhibition. Human studies have shown that adolescents who display greater 

impulsivity, risk taking, and sensation seeking also display greater rates of substance 

use (Adriani et al., 1998; Arnett, 1999; Spear, 2000; Adriani and Laviola, 2003; 
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Chambers et al., 2003; Stansfield et al., 2004; Stansfield and Kirstein, 2006). Studies in 

rats have shown that both impulsive action and impulsive choice in adults can predict 

cocaine SA (Perry et al., 2005; Dalley et al., 2007; Perry et al., 2008). For example, 

Anker et al. (2009) found that impulsive choice, as measured by a delay discounting 

task, predicted escalation of cocaine SA, such that rats that preferred the smaller, 

immediate reward also escalated their cocaine intake when they were switched from 

short access (2 h/day) to long access (6 h/day) conditions, whereas rats that preferred 

the large, delayed reward did not. We did not observe evidence of escalation of cocaine 

intake in our rats, and hence this study cannot assess relationships between risk taking 

and escalation. Moreover, we did not find any relationships between adolescent risk 

taking and cocaine self-administration during the 0.3 mg/kg/infusion dose as the dose 

was too low to elicit continuous responding.  Moreover, we did not see relationships 

between adolescent risk taking and the high 1.0 mg/kg/infusion dose as by time this 

both risk raking or risk averse rats were self-administering cocaine at equivalent levels. 

The finding that cocaine SA can cause long-lasting elevations in risk taking in the 

RDT may appear to contradict previous data from our laboratory which investigated the 

effects of cocaine SA in rats on another measure of risky decision-making (the 

probability discounting task). In this task rats chose between a small, certain reward and 

a large, uncertain reward. Prior cocaine SA had no effect on choice performance in this 

task, and although it is not clear why chronic cocaine increased risk taking in the RDT 

but not the probability discounting task, this difference may be related to the form of the 

adverse consequence (the “risk”) in the two tasks (shock vs. reward omission, 

respectively). Importantly, however, the present finding that chronic cocaine SA 
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increased risk taking is consistent with a large body of literature showing that chronic 

cocaine causes lasting alterations in other forms of decision-making in rats (particularly 

increases in impulsive choice (Simon et al., 2007a; Dandy and Gatch, 2009; Mendez et 

al., 2010)). The present work is also consistent with studies using human subjects which 

have found that cocaine-dependent individuals display increases in impulsivity in the 

Delay Discounting task (Coffey et al., 2003), decreased inhibition (impulsive action) in 

the Stop-Signal task (Fillmore and Rush, 2002; Li et al., 2006), and increased risk taking 

in the IGT (Bechara et al., 2001; Bolla et al., 2003), suggesting that cocaine use can 

indeed result in maladaptive decision-making.  

The cognitive mechanisms whereby chronic cocaine caused the lasting increase in 

choice of the large, risky reward are unclear. Numerous studies, however, have shown 

that following chronic drug use, the ability to rapidly adapt behavior to changing task 

contingencies can be impaired, resulting in rigid, inflexible performance. For example, 

reversal learning requires an individual to first learn one set of contingencies (e.g. A = X, 

B = Y), then the contingencies are reversed (e.g. A = Y, B = X) and the individual is 

required to shift or “reverse” their behavior to adapt to the new contingencies. Studies in 

rats, monkeys, and humans have consistently shown that whereas the ability to learn 

the first set of contingencies is unaffected by chronic cocaine administration, the ability 

to shift behavior when the contingencies are reversed is impaired (Grant et al., 2000; 

Jentsch et al., 2002; Schoenbaum et al., 2004; Calu et al., 2007; Krueger et al., 2009; 

Porter et al., 2011). Performance in the RDT could be argued to require some degree of 

behavioral flexibility and although such flexibility might not technically be considered 
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reversal learning, it will be interesting in future work to determine the relationships 

between cocaine-induced alterations in RDT performance and reversal learning. 

As adults, sucrose SA rats shifted their preference to the small, safe reward more 

rapidly over the course of the 5 blocks of trials than they did in adolescence. This 

pattern of behavior, in which adults appear to show greater risk aversion than 

adolescents, is also found in humans (Doremus-Fitzwater et al., 2012); however this 

finding should be interpreted with caution, as there was no main effect of age on choice, 

and the two test sessions were conducted 3 months apart. It would be beneficial in 

future studies to further investigate this question by directly comparing adolescent and 

adult performance using a between-subjects design. It will also be important in future 

work to determine whether risk taking in adulthood predicts subsequent acquisition of 

cocaine SA, or whether the relationship between risk taking and cocaine SA is limited to 

adolescence. 

 A growing literature has implicated D2-like receptors in both cocaine use and 

decision-making. In previous research in our laboratory, acute systemic administration 

of the D2-like agonist bromocriptine resulted in a dose-dependent decrease in 

preference for the large, risky reward in the RDT (Simon et al., 2011). Impulsive action 

(in the 5CSRTT) predicts acquisition of cocaine SA in rats, and D2-like receptor 

availability in the ventral striatum is correlated with performance on the 5CSRTT, such 

that rats with lower D2-like receptor availability show greater impulsive action (Dalley et 

al., 2007). Furthermore, cocaine SA itself can cause long-lasting decreases in D2-like 

receptor availability in the striatum in rhesus monkeys (Nader et al., 2006); such 

decreases in striatal D2 receptor availability are similar to those seen in human cocaine-



 

56 

dependent patients (Volkow et al., 2001). D2-like receptors in the striatum have also 

been implicated in mediating choice behavior in a rat version of the IGT and, as well as 

in several form of behavioral flexibility (Winstanley et al., 2006; Drew et al., 2007; Haluk 

and Floresco, 2009; Laughlin et al., 2011; Markett et al., 2011). In addition, a recent 

pharmacological study shows that D2 receptor antagonists do not affect the ability to 

learn initial stimulus-outcome associations (e.g. light = food reward), but impair 

subsequent reversal learning (Lee et al., 2007). Moreover, site-specific microinjections 

of a D2 agonist into the nucleus accumbens results in deficits in reversal learning as 

well (Haluk and Floresco, 2009). Finally, D2 availability in the striatum in monkeys 

correlates with performance on a reversal learning task, such that all animals learn the 

initial stimulus-outcome parings, but animals with lower striatal D2 availability show 

poorer performance once the stimulus-outcome contingencies are reversed (Groman et 

al., 2011). Taken together, these data suggest that D2-like receptors within the striatum 

may both modulate choice behavior in the RDT and predict acquisition of cocaine SA. In 

addition, chronic cocaine exposure can result in a reduction of D2-like receptors in the 

striatum, which would be expected to result in increased behavioral disinhibition and 

decreased behavioral flexibility. Such cocaine-induced alterations in D2-like receptors 

could thus account for the long-lasting elevations in risk taking seen after cocaine 

exposure.  

Limitations & Future Directions: This is the first animal study to investigate 

adolescent risk taking as a predictor of future drug SA. Because adolescent and adult 

risk taking are correlated, it would be predicted that adult risk taking would also be 

predictive of cocaine SA; however, it remains to be determined whether the relationship 
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found here is specific to adolescent development. Anker et al. (2009) and Broos et al. 

(2012) found that in adult rats, impulsivity can predict several aspects cocaine SA in 

addition to acquisition, including escalation of cocaine intake, resistance to extinction, 

and propensity to relapse. Future studies will be needed to determine whether 

adolescent (or adult) risk taking is also a predictor of these factors. 

The results of Experiment 1 also demonstrate that cocaine SA can cause long 

lasting elevations in risk taking. Literature investigating the effects of cocaine SA on 

another element of behavioral disinhibition (impulsive choice) have been mixed 

(e.g.(Anker et al., 2009; Mendez et al., 2010; Broos et al., 2012)), with some studies 

reporting substantial increases in impulsive choice and others reporting no effects. 

These discrepancies may be due to the amount of cocaine consumed in these studies. 

For example, a recent study from our laboratory has shown that low levels of cocaine 

SA do not seem to alter impulsive choice, whereas high levels of cocaine SA result in a 

substantial increase in impulsive choice (Weiss et al., 2012). With this in mind, it will be 

of interest in future work to determine if there is a similar relationship between the 

amount of cocaine consumed and risk taking, such that high but not low levels of 

cocaine intake result in increased risk taking. 

It will also be interesting in future work to investigate the relationships between 

other drugs of abuse and risk taking, to determine whether risk taking predicts their SA 

and/or whether consumption causes long-term alterations in risk taking. Previous results 

from our laboratory showed that acute systemic administration of either nicotine or d-

amphetamine resulted in decreases in risk taking (Mitchell et al., 2011). Preliminary 

data from our laboratory suggest that chronic experimenter administration of d-
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amphetamine does not result in alterations in risk taking (unpublished findings); 

however, as mentioned above, passive (experimenter administered) and active (SA) 

drug administration can have differential effects on behavior. Notably, there is some 

evidence that the relationships between components of behavioral disinhibition and 

drug SA may be different for different drugs of abuse; for example, impulsive action 

predicts high levels of cocaine SA (Dalley et al., 2007), whereas it does not predict 

heroin SA (McNamara et al., 2010). It will be important in future work to determine 

whether these differences are present with risk taking as well. 

Finally, while this study investigated relationships between risk taking and cocaine 

SA solely at the behavioral level, it will be critical in future work to understand the 

underlying mechanisms which mediate these relationships. To that extent, it would be of 

great interest to determine whether D2-like receptors play a role in modulating the 

relationships between risky decision-making and cocaine SA. This question was 

addressed in Experiment 2. 
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Figure 3-1. Individual Variability in RDT Performance During Adolescence (Pre-SA). 
Each line represents the adolescent performance of one rat in the RDT. 
Percent choice of the large, risky reward is shown on the y-axis; risk of 
punishment is shown on the x-axis. 
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Figure 3-2. Adolescent Risk Taking Predicts Cocaine Self-Administration in Adulthood. 
Adolescent performance in the RDT, averaged across the 5 choice blocks (x-
axis) significantly predicted the average cocaine intake per day over the 5 
days of 0.5 mg/kg/infusion cocaine SA (y-axis). 

 

 

 



 

61 

Pre SA

Risk of Punishment (%)C
h

o
ic

e
 o

f 
L

a
rg

e
, 

R
is

k
y
 R

e
w

a
rd

 (
%

)

0

20

40

60

80

100

Cocaine Pre

Sucrose Pre

0 25 50 75 100

 

Post SA

Risk of Punishment (%)C
h

o
ic

e
 o

f 
L

a
rg

e
, 

R
is

k
y
 R

e
w

a
rd

 (
%

)

0

20

40

60

80

100

Cocaine Post

Sucrose Post

0 25 50 75 100

 

Figure 3-3. Cocaine Self-Administration Causes Long-Lasting Elevations in Risky 
Choice. The graph on top demonstrates that there were no differences in 
adolescent performance between groups prior to cocaine or sucrose SA. The 
graph the on bottom shows that there were long-lasting (6 weeks into 
abstinence) elevations in risk taking after cocaine SA compared to sucrose 
SA. 
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Figure 3-4. Cocaine Self-Administration Causes Long-Lasting Elevations in Risky 
Choice. Cocaine SA rats (above) became significantly more risk taking even 
after 6 weeks of abstinence (closed circles) compared to their pre-SA 
adolescent performance (open circles). Sucrose SA rats (bottom) did not shift 
their preference overall in adulthood (closed circles) in comparison to 
adolescence (open circles); however, they did shift their preference for the 
small, safe reward more rapidly (at lower levels of risk of punishment) in 
adulthood than they did in adolescence. 
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Table 3-1.  Locomotion Values for Adolescent RDT Performance 

 Locomotion 
Shock 

Reactivity 

Adolescent 
RDT 

Performance 
188.67 (11.2) 2.98 (0.1) 

Pre-Cocaine-
SA 

170.58 (16.0) 2.9 (0.1) 

Pre-Sucrose-
SA 

200.29 (14.9) 3.02 (0.2) 

* denotes a significant effect at p < 0.05. Standard error of the mean is in parenthesis. 
 

Table 3-2.  Locomotion Values for Adult Post-SA RDT Performance 

 Locomotion 
Shock 

Reactivity 

Post-
Cocaine-SA 

289.21 (47.6) 3.52 (0.1) 

Post-
Sucrose-SA 

266.98 (24.4) 3.48 (0.2) 

* denotes a significant effect at p < 0.05. Standard error of the mean is in parenthesis. 
 

Table 3-3.  Correlations Summary Table for Cocaine Intake 

 
* denotes a significant effect at p < 0.05. 

 

Table 3-4.  Correlations Summary Table for Adolescent RDT Performance 

 
* denotes a significant effect at p < 0.05. 
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CHAPTER 4 
EXPERIMENT 2: TO CHARACTERIZE THE HYPOTHESIZED RELATIONSHIP 

BETWEEN D1 AND D2 RECEPTOR MRNA EXPESSION AND RISKY DECISION-
MAKING. 

Introduction 

The results of Experiment 1 demonstrated that adolescent risk taking can predict 

the propensity for cocaine SA in adulthood. Understanding the mechanisms that may 

underlie this relationship may hold promise for reducing such behaviors through new 

developments in pharmacological or behavioral treatments. Dopaminergic signaling, in 

both the prefrontal cortices and striatum, has been implicated in mediating both risk 

taking behaviors (Bechara et al., 1994; Bechara et al., 1996; Bechara et al., 1997; 

Bechara et al., 1999; Bechara et al., 2001; Simon et al., 2011) and cocaine SA (Dalley 

et al., 2007). There are 5 different dopamine receptor subtypes, which can be classified 

as either D1-like (D1 & D5), which are excitatory, or D2-like (D2, D3, & D4), which tend 

to be inhibitory. D1 and D2 dopamine receptors are the most abundant subtype found in 

the brain and have been studied extensively (for comprehensive review see (Beaulieu 

and Gainetdinov, 2011)). Therefore, investigating D1 and D2 mRNA expression within 

the prefrontal cortices (specifically the OFC and MPFC) and the striatum is a critical 

starting point in attempting to understand the underlying mechanisms that may be 

mediate the relationship between adolescent risk taking and the propensity for future 

cocaine SA in adulthood. 

Methods 

Subjects 

Male Long-Evans rats (n=12, P26; Charles River Laboratories, Raleigh, NC) were 

individually housed and kept on a 12h light/dark cycle (lights on at 0800 hours) with free 
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access to food and water except as noted. During behavioral testing, rats were 

maintained at 85% of their free-feeding weight, with allowances for growth. In 

adolescent rats, free feeding weight was adjusted every 4 days to account for growth 

using the Long-Evans growth chart provided by Charles River. All animal procedures 

were conducted during the light cycle (0800 – 1700) and were approved by the 

University of Florida Institutional Animal Care and Use Committee and followed NIH 

guidelines. Rats were trained as adolescents in the RDT as in Experiment 1 and were 

then sacrificed at P70. Isotopic in situ hybridization was performed to assess regionally-

specific levels of D1 and D2 mRNA abundance, which was then compared with RDT 

performance. 

Tissue Preparation 

 Rats were euthanized with 100 mg/kg sodium pentobarbital, then transcardially 

perfused with 0.1M phosphate buffer followed by 4% paraformaldehyde in 0.1 M 

phosphate buffer. Brains were removed and stored in 4% paraformaldehyde solution 

overnight, then post-fixed in 4% paraformaldehyde/20% sucrose for 24 h. Brains were 

then rapidly frozen on dry ice and stored at -80º until sectioning. Brains were sectioned 

in the coronal plane on a sliding microtome, and sections (30 µm) collected in a 1-in-6 

series beginning at the anterior portion of prefrontal cortex (5.2mm from Bregma, 

according to (Paxinos and Watson, 2008), and ending posterior to the nucleus 

accumbens (-0.26 mm Bregma). 

Probe preparation 

 D1 and D2 receptor probes were targeted to transcript sequences with minimal 

homology to other dopamine receptor subtypes. The D1 probe spanned nucleotides 

1625 to 1968 of the D1 mRNA reference sequence (Genbank® accession NM_012546). 
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The D2 probe spanned nucleotides 1630 to 2016 of the corresponding reference 

sequence (Genbank® accession MN_012547). PCR amplified products from rat striatal 

cDNA were cloned into pGEM7zf+ plasmids as in (Haberman et al., 2011). The 

specificity of both probes was assessed through BLAST homology searches and in situ 

hybridization competition assays. The radiolabeled antisense cRNA probe was 

transcribed with T7 RNA polymerase in the presence of 35S-labelled UTP as per the 

MAXIscript in vitro transcription kit (Ambion). 

In Situ Hybridization 

 Free-floating tissue sections were washed in 0.75% glycine in 0.1 M phosphate 

buffer pH 7.2 (PB) and 0.1 M PB alone to remove excess fixative. Sections were treated 

for 30 min at 37 °C with proteinase K (1 mg/mL in 0.1 M Tris buffer containing 0.05% 

SDS), acetylated in 0.25% acetic anhydride in 0.1 M triethanolamine, pH 8.0, and rinsed 

twice in 2× saline sodium citrate buffer (SSC; 1 × SSC = 0.15 M sodium chloride and 

0.015 M sodium citrate, pH 7.0). Tissue was then hybridized for 20 h at 60 °C in solution 

containing 50% formamide, 1 × Denhardt's solution, 10% dextran sulphate, 4 × SSC, 

0.25 mg/mL yeast tRNA, 0.3 mg/mL herring sperm DNA, 100 mm dithiothreitol and the 

35S-labelled D1 or D2 cRNA at a final concentration of 1 × 107 CPM/mL. Following 

hybridization, sections were washed at 30 min intervals, twice in 4 × SSC, once in 50% 

formamide/2 × SSC at 60 °C and then treated with ribonuclease A (20 mg/mL in 10 mM 

Tris saline buffer containing 1 mM ethylene-diaminetetracetic acid) for 30 min at 37 °C. 

Tissue sections were then washed further in descending concentrations of SSC buffer 

containing 100 µm dithiothreitol to a final wash of 0.1 × SSC and mounted onto gelatin-

coated slides for film autoradiography. Air-dried sections of the sections were exposed 

along with 14C-standards (American Radiolabelled Chemicals Inc., St. Louis, MO, USA) 
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to Kodak β-max hyperfilm (Perkin Elmer, Waltham MA). Because dopamine receptor 

mRNA is less abundant in prefrontal cortex than in striatum, brain sections containing 

prefrontal cortex were exposed for 1 week, while the tissue containing striatum were 

exposed for 72 hours. Films were developed using Konica SRX-101A developer and 

fixed with Kodak rapid fixer. 

Relative D1 and D2 mRNA abundance was quantified by densitometric analysis 

using Densita imaging software (MBF Biosciences, Williston, VT). Hybridization 

densities were linearized and calibrated relative to the 14C-labelled standards that were 

exposed to each film along with tissue sections. Multiple measures were obtained from 

4-6 sections per brain region per rat. For each brain structure analyzed, these values 

were averaged to provide an individual mean hybridization density (nCi/mg protein) per 

region in each rat. These means were used for correlations and group comparisons. For 

regional analyses, prefrontal cortex was divided into two subregions based on (Paxinos 

and Watson, 2008): orbitofrontal (OFC) and medial prefrontal (MPFC) (which included 

infralimbic, prelimbic, and anterior cingulate cortex. Dorsolateral (DLS) and dorsomedial 

striatum (DMS) and nucleus accumbens core (NACC) and shell (NACSH) regions were 

also analyzed separately. 

Data Analysis 

Raw behavioral data files were exported from Graphic State software and 

compiled using a custom macro written for Microsoft Excel (Dr. Jonathan Lifshitz, 

University of Kentucky). Statistical analyses were conducted in SPSS 20. Stable 

performance in the RDT was defined by the absence of a main effect of session, the 

absence of an interaction between session and trial block, and the presence of a main 

effect of trial block within a repeated measures ANOVA over a 5 session period 
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(Winstanley et al., 2006; Simon et al., 2009a; Simon et al., 2010). In all cases, p values 

less than .05 were considered significant. Pearson’s correlations were used to compare 

adolescent performance on the RDT (mean percent choice of the large, risky reward 

averaged across all 5 trial blocks) with D1 and D2 hybridization signals. 

Results 

In order to begin to understand the underlying mechanisms mediating the 

relationships between adolescent risk taking and the propensity for future drug use, we 

investigated the expression of D1 and D2 mRNA in the prefrontal cortex and striatum 

(orbitofrontal cortex [OFC], medial prefrontal cortex [MPFC], dorsomedial striatum 

[DMS],dorsolateral striatum [DLS], nucleus accumbens core [NACC], and nucleus 

accumbens shell [NACSH]) of rats behaviorally characterized in the RDT(see Figure 4-1 

for behavioral characterization). Sample hemisections, as well as the regions analyzed, 

are displayed in Figure 4-2. 

Relationships Between D1 Dopamine Receptor Expression and Risky 

Decision-making: There was a significant inverse linear correlation between 

adolescent performance in the RDT (mean percent choice and the large risky reward) 

and D1 mRNA expression in the DMS (r = -0.62, p < 0.05, Figure 4-3 [top]) and a near 

significant inverse linear correlation in the DLS (r = -0.57, p = 0.053, Figure 4-3 

[bottom]). These data indicate that lower D1 mRNA expression in either the DMS or 

DLS is associated with a greater preference for the large, risky reward. There were no 

significant relationships between adolescent RDT performance and D1 mRNA 

expression in the NACC, NACSH, MPFC, or OFC (r’s < 0.32, p’s > 0.31). 

Relationships Between D2 Dopamine Receptor Expression and Risky 

Decision-making: There was a significant inverse linear correlation between 
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adolescent performance in the RDT (mean percent choice of the large risky reward) and 

D2 mRNA expression in DLS (r = -0.75, p < 0.01, Figure 4-4 [top]) and in NACSH (r = -

0.72, p < 0.01, Figure 4-4 [bottom]). These data indicate that lower D2 mRNA 

expression in both the DLS and NACSH is associated with a greater preference for the 

large, risky reward. There were no relationships between adolescent RDT performance 

and D2 mRNA expression in the DMS, NACC, MPFC, or OFC (r’s < 0.43, p’s >0.17) 

Discussion 

Striatal Dopaminergic Mediation of Risky Decision-making: There was a 

significant relationship between mean choice of the large, risky reward in the RDT in 

adolescence and D1 receptor mRNA expression in the DMS (and a near-significant 

correlation in the DLS), such that lower D1 expression in both of these regions was 

associated with greater preference for the large, risky reward. There were also 

significant relationships between mean choice of the large, risky reward in the RDT in 

adolescence and D2 receptor mRNA expression in the DLS and NACSH, such that lower 

D2 expression in both of these regions was associated with greater preference for the 

large, risky reward. Therefore, adolescent choice behavior in the RDT is inversely 

related to both D1 and D2 mRNA expression in the striatum, suggesting that 

dopaminergic signaling in the striatum may modulate risk taking behavior. 

The dorsal striatum has been traditionally associated with habitual learning and 

memory rather than complex behavior or decision-making based on multiple cues and 

contingencies (Everitt et al., 2008; Packard, 2009). More recent evidence, however, 

suggests that the dorsal striatum may in fact contribute to action selection and flexible 

decision-making (Balleine et al., 2007; Johnson et al., 2007). For example, rats with 

DMS lesions are able to learn action-outcome associations, such as pressing a lever for 



 

70 

access to a sucrose solution; however, these rats lack the sensitivity to shift behavior 

when rewards are devalued or during extinction conditions (Yin et al., 2005). Such 

findings, together with those from the current experiment, suggest the dorsal striatum as 

a region that may play a pivotal role in the cost-benefit decision-making process. 

Furthermore, the current data are also consistent with previous findings from our 

laboratory, in which dorsal striatal D2 mRNA expression was inversely related to 

performance in the RDT in adult rats (Simon et al., 2011), such that rats with lower D2 

mRNA expression in the dorsal striatum also prefer riskier options in the RDT. The 

findings in the current study expand upon our previous work, by showing that dopamine 

signaling in both the dorsomedial (DMS) and dorsolateral (DLS) striatum are associated 

with risky decision-making, albeit through different receptor mechanisms within the two 

subregions.  

The DMS is part of the neural circuitry that detects changes in action-outcome 

contingencies and value-based decision making (Samejima et al., 2005; Yin et al., 

2006; Kim et al., 2009) and its ability to do so is dopamine dependent (Lex and Hauber, 

2010a, b). Dopaminergic signaling in the DMS is also involved in behavioral disinhibition 

as site-specific microinjections of a D1 antagonist into the DMS during a stop-signal 

task in rats improved stop-signal reaction time (Eagle et al., 2011). One important thing 

to note is that D1 receptors have been heavily implicated in mediating cocaine SA. D1 

receptor knockout mice do not SA cocaine (Caine et al., 2007). In addition, dopamine 

transmission in the DMS is required for the initial preference, or acquisition, of goal-

directed cocaine seeking (Murray et al., 2012). Considering these data together, it may 

be the case that D1 signaling within the DMS mediates the relationship between risky 
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decision-making in adolescence and the propensity for cocaine SA in adulthood (i.e. D1 

mRNA expression in the DMS was associated with adolescent risky decision-making 

and with the acquisition of SA). Importantly, once preference for cocaine SA is acquired, 

cocaine seeking is no longer dependent on the DMS, becomes dependent upon the 

DLS (Murray et al., 2012). In this light, it would be of great interest to analyze the brains 

of the rats that underwent cocaine or sucrose SA to determine if there are cocaine-

induced changes in dopamine receptor mRNA expression in the DLS.  

D2 signaling in the DLS has been linked to avoidance learning, in a conditioned 

avoidance task (Boschen et al., 2011), in which rats are trained in a two-chamber 

shuttle box and are required to cross into the opposite chamber to avoid shock. In this 

experiment, D2 receptors were activated via direct microinjection of the D2 agonist 

quinpirole both pre- and post-training. Activation of D2 receptors in the DLS led to 

increased avoidance in test sessions (post-training), but not training trials (pre-training). 

The same study also investigated the role of D2 signaling within the nucleus accumbens 

and found that there was increased avoidance with direct microinjections of quinpirole in 

both the training trials and the test session (Boschen et al., 2011). These findings 

suggest that D2 signaling in the nucleus accumbens is important for fast adaptation and 

response to unconditioned and conditioned aversive stimuli as pharmacological 

activation of D2 receptors caused alterations in avoidance in both training trials (fast 

adaptation) and test sessions (based on previous experiences), whereas D2 signaling in 

the DLS is important for a slower learning process based on previous experiences as 

D2 activation only resulted in increased avoidance in the test sessions. These data are 

particularly interesting because our results show that there is also a relationship 
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between D2 mRNA expression within the nucleus accumbens (specifically the shell 

subregion) and adolescent choice of the large, risky reward. The previously mentioned 

study did not specify which region of the nucleus accumbens was involved in D2-

mediated enhancement of avoidance response, but taken together with our data it 

would suggest that D2 activation within the NACSH would bias rats’ preference away 

from adverse consequences and toward the small, safe reward. 

 The nucleus accumbens (as a whole) is involved in the representation of both 

rewarding and aversive outcomes (Schoenbaum and Setlow, 2003; Setlow et al., 2003; 

Sugam et al., 2012), both of which are factors in the RDT. Additionally, the nucleus 

accumbens has been found to mediate performance in several other cost-benefit 

decision-making tasks (Cardinal et al., 2001; Cardinal and Howes, 2005; Hauber and 

Sommer, 2009; Sugam et al., 2012). For example, in a probability discounting task, (in 

which the delivery of the large reward becomes more uncertain as the task progresses, 

but the small reward is always delivered) the nucleus accumbens plays a role in 

determining optimal responses when the reward outcome is uncertain (Stopper and 

Floresco, 2011). The core subregion seems to play a role in mediating goal-directed 

behavior in effort discounting tasks (in which rats must overcome an obstacle for a large 

reward verses choosing a small reward with easier access) and in tasks measuring 

impulsivity (i.e. delay discounting) (Pothuizen et al., 2005; Pattij et al., 2007). In addition, 

a recent study by Besson et al. (2010) investigated the role of D2 receptors in both the 

NACC and NACSH in mediating impulsive action as measured by the 5CSRTT. As 

mentioned previously, Dalley et al. (2007) found that individual variability in D2-like 

receptor availability in the ventral striatum corresponded to individual variability in 
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impulsive action, such that rats with lower D2 availability showed greater impulsive 

action. Besson et al. (2010) examined whether the individual variability in ventral striatal 

D2 expression and impulsive action was due to the NACC or NACSH by direct 

microinjections of a D2-like antagonist into each subregion. They found that the 

antagonist infused into the NACC produced a decrease in impulsive action, but 

injections into the NACSH produced an increase in impulsive action. These data suggest 

that lower D2 levels in the NACSH are indicative of greater impulsive action, which is 

similar to our finding that lower levels of D2 mRNA expression in the NACSH are 

indicative of greater risk taking behavior in adolescence. Importantly, low levels of D2 

receptor availability in the ventral striatum are associated with stimulant use (Volkow et 

al., 2001; Nader et al., 2006; Dalley et al., 2007). Considered together these data 

suggest that low D2 receptor availability within the ventral striatum (which is possibly 

specific to the NACSH based on the low D2 mRNA expression in the current study) of 

risk-preferring adolescent rats may also underlie their increased propensity to SA. 

Prefrontal Dopaminergic Mediation of Risky Decision-making: There were no 

significant relationships between D1 and D2 receptor mRNA expression in two 

subregions of the prefrontal cortex (OFC and MPFC) and risky decision-making. This 

was somewhat surprising as the OFC is a region implicated in representation of both 

reward and punishment as well as the integration of such information to guide complex 

decision-making processes (McCabe et al., In Press; Rolls, 2004; Schoenbaum et al., 

2006; Schultz, 2007; Morrison and Salzman, 2009). In addition, previous research from 

our laboratory showed non-linear relationships between D2 mRNA expression within 

both the OFC and MPFC and individual variability in the RDT in adult rats (Simon et al., 
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2011), such that either high (OFC) or low (MPFC) levels of D2 mRNA expression were 

indicative of either risk-preferring or risk-averse performance respectively (i.e. either 

extreme). Similar analyses of non-linear relationships were conducted on the present 

dataset, but no such relationships were revealed (data not shown). This outcome 

suggests that although prefrontal cortical D1 and D2 receptors may be involved in 

modulating behavior in this task in adult rats (Simon et al., 2011), their roles may be 

less important during adolescence. The prefrontal cortex undergoes substantial 

changes during late adolescence and into early adulthood across species, including 

both rats and humans (Sowell et al., 1999; Spear, 2000; Luna et al., 2001; Sowell et al., 

2001; Sowell et al., 2002; Monk et al., 2003; Sowell et al., 2003; Nagy et al., 2004; 

Barnea-Goraly et al., 2005; Bonekamp et al., 2007; Asato et al., 2010; Luna et al., 2010; 

Van Leijenhorst et al., 2010b; Van Leijenhorst et al., 2010a; Sturman and Moghaddam, 

2011b, a), and recent electrophysiological evidence suggests that activity in the 

prefrontal cortex is more variable during adolescence than adulthood. Sturman et al. 

(2011a) has suggested that when rats are required to perform a simple reward-driven 

task, in which a simple action (e.g. nosepoke) results in a reward, neuronal activation at 

both the population and single unit levels in the prefrontal cortex of adolescent animals 

is variable and uncoordinated compared to adults. Therefore, it may be that these 

prefrontal regions are still developing at P70 (when brains were collected) and as a 

result, prefrontal dopamine receptor expression is too variable to correlate with or 

predict adolescent risky decision-making. 

Limitations & Future Directions: While our data suggest that dopamine receptor 

mRNA expression is associated with risky decision-making, mRNA expression does not 
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always correlate with protein levels or receptor availability and it will be critical to 

determine protein levels and binding potential for these receptors in behaviorally 

characterized rats in future studies. Binding potential in particular, preferably using 

autoradiographical techniques, will preserve anatomical specificity and allow 

comparable analyses between mRNA expression and receptor availability.  

It will also be important in future work to determine the functional relevance of the 

relationships identified here. This can be determined by performing site-specific 

intracerebral microinjections of agonists (such as in Experiment 3) or antagonists at 

dopamine receptors in a regionally specific manner, to determine how risky decision-

making is affected. In addition, the online functional activity of these brain regions during 

actual decision-making performance could be investigated using in vivo 

electrophysiological recordings in behaving rats. 

It will also be of interest to examine dopamine receptor mRNA expression in the 

same brain regions examined here following cocaine and sucrose SA, to determine if 

changes in RDT performance following cocaine SA are associated with changes in 

dopaminergic signaling known to be induced by cocaine SA (particularly reductions in 

striatal D2 receptors) (Volkow et al., 1991; Moore et al., 1998; Volkow et al., 2001; 

Franklin et al., 2002; Nader et al., 2006; Lane et al., 2010; Moreno-Lopez et al., 2012). 

Finally, because in situ hybridization requires postmortem tissue, determining the 

mechanisms that underlie relationships between adolescent risk taking and future 

cocaine SA must necessarily use a between-subjects design in which only inferences 

can be drawn between dopamine receptor mRNA expression, risk taking, and cocaine 

SA. It would be ideal to be able to visualize dopamine receptors within subjects across 
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the course of RDT training, cocaine SA, and RDT retraining. Such data would require 

the use of positron emission tomography (PET), which would allow examination of 

dopamine receptor binding in live animals, and which would allow truly predictive 

relationships between receptor binding and subsequent behavioral performance to be 

determined. 
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Figure 4-1. RDT Performance of Adolescent Rats Used for In Situ Hybridization 
Analyses. This figure shows the individual variability seen in adolescent rats 
that were characterized in the RDT then sacrificed for in situ hybridization 
analyses for D1 and D2 mRNA expression. Each line represents data from a 
single rat. 
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Figure 4-2. Hybridization of Radiolabeled Dopamine mRNA in Prefrontal Cortex and 
Striatum. Images from film autoradiograms show dopamine receptor mRNA 
expression in coronal sections through the prefrontal cortex (OFC & MPFC) 
(left) and striatum (DMS, DLS, NACC, NACSH) (right). Note the preferential 
expression of dopamine mRNA is in deeper layers of prefrontal cortex 
(Santana et al., 2009). 
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Figure 4-3. D1 mRNA Expression is Related to Adolescent RDT Performance. There 
was a significant negative correlation between mean choice of the large, risky 
reward in adolescence and D1 mRNA expression in the DMS (top) and a 
near-significant negative correlation between these two variables in the DLS 
(bottom). 
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Figure 4-4. D2 mRNA Expression is Related to Adolescent RDT Performance. There 
were significant negative correlations between mean choice of the large, risky 
reward in adolescence and D2 mRNA expression in the DLS (top) and NACSH 

(bottom), such that lower D2 mRNA expression is indicative of greater 
preference for the large, risky reward. 
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CHAPTER 5 
EXPERIMENT 3: TO FUNCTIONALLY TEST HYPOTHESIZED CAUSAL 

RELATIONSHIP BETWEEN DOPAMINE SIGNALING IN SPECIFIC BRAIN REGIONS 
AND RISKY DECISION-MAKING. 

Introduction 

The results from Experiment 1 showed that adolescent risk taking is a predictor of 

future cocaine use in adulthood and results from Experiment 2 showed associations 

between D1 and D2 dopamine receptor mRNA and adolescent risk taking behavior, 

(specifically between D1 in the DMS and D2 in the DLS and NACSH). Previous work 

from our laboratory investigated the effects of acute systemic administration of D1 and 

D2 agonists and antagonists in the RDT and found that only the D2 agonist, 

bromocriptine, produced alterations in choice behavior (specifically reductions in risk 

taking) (Simon et al., 2011). Other work suggests that D2 receptors specifically within 

the dorsal striatum are important for risky decision-making (Simon et al., 2011), 

avoidance learning (Boschen et al., 2011), and behavioral flexibility (Winstanley et al., 

2006; Lee et al., 2007; Groman et al., 2011), and therefore could mediate the 

relationship between adolescent risk taking and the propensity for cocaine SA. Still 

other work suggests that D2 receptors in the ventral striatum are important for mediating 

individual differences in impulsive action in the 5CSRTT, and the relationship between 

ventral striatal D2 and impulsive action predicts the acquisition of cocaine SA (Dalley et 

al., 2007; Besson et al., 2010); hence, ventral striatal D2 receptors may also play a role 

in the relationship between adolescent risk taking and propensity for cocaine SA. In 

order to begin to determine the functional relevance of the findings from Experiment 2 

and to determine the role of striatal D2 receptors in modulating risk taking in the RDT, 

the D2 agonist quinpirole was directly microinjected into either the dorsal or ventral 
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striatum to determine the effects of direct activation of striatal D2-like receptors on risk 

taking. 

Methods 

Subjects 

 Male Long-Evans rats (n=23, P26; Charles River Laboratories, Raleigh, NC) were 

individually housed and kept on a 12h light/dark cycle (lights on at 0800 hours) with free 

access to food and water except as noted. During behavioral testing, rats were 

maintained at 85% of their free-feeding weight, with allowances for growth. In 

adolescent rats, free feeding weight was adjusted every 4 days to account for proper 

growth using the Long-Evans growth chart provided by Charles River. All animal 

procedures were conducted during the light cycle (0800 – 1700) and were approved by 

the University of Florida Institutional Animal Care and Use Committee and followed NIH 

guidelines.  

Experimental Design 

 Rats were trained in the RDT as described in Experiment 1 (Chapter 3) until 

stable performance was achieved. They were then allowed to eat ad libitum for 5 days 

prior to surgery to implant bilateral guide cannuale targeting either the dorsal or ventral 

striatum (described in detail below). After surgery, they were allowed 5 days to recover 

before beginning retraining in the RDT and returning to 85% of their free-feeding weight 

(with allowances for growth). Upon reestablishing stable performance in the task, rats 

received intra-striatal injections of the D2-like agonist quinpirole prior to RDT testing to 

determine the involvement of D2-like receptors in modulating risky decision-making. 
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Implantation of Bilateral Cranial Cannulae 

Rats were anesthetized with isofluorane gas and secured into a stereotaxic frame 

(Kopf Instruments; Tujunga, CA) fitted with atraumatic earbars, with the incisor bar set 

at -3.3 mm relative to the interaural line to provide a flat skull position. Bilateral guide 

cannulae (Plastics One, Roanoke, VA), which consisted of a plastic body holding two 

22-gauge stainless steel cannulae 3.6 mm apart, were implanted relative to Bregma (AP 

+1.5 mm, ML ±1.8 mm,) and DV -2.8 mm for dorsal striatum (n = 11) and -4.8 mm for 

ventral striatum (n = 12) from dura (Paxinos and Watson, 2008). Cannulae were 

secured to the skull with dental acrylic and stainless steel screws, and wire stylets 

(Plastics One, Roanoke, VA) were inserted to occlude the guide cannulae to prevent 

infection. Following surgery, rats recovered in their home cages for 5 days before 

retraining in the RDT. 

Microinfusion Procedure 

 Stable performance (as described below) was reestablished on the RDT before 

intracerebral infusions were performed. All rats received the D2 agonist quinpirole (0.1, 

1.0, and 10 µg in 0.5 µL per hemisphere) (Tocris, United Kingdom) or vehicle (artificial 

cerebral spinal fluid [ACSF], Harvard Apparatus, Holliston, MA) in a randomized, 

counterbalanced order such that each rat received each dose of the drug. Drugs were 

prepared fresh each test day. The infusion experiments were run on a cycle of baseline, 

drug, baseline, drug, baseline, drug, baseline, drug, baseline, with one session per day. 

Prior to the first intracerebral injection day, each rat was habituated to cannula insertion 

procedures. Rats received a 1 min (0.5 µL) infusion per hemisphere and the injector 

was left in place for an additional 1 min after infusion to allow time for drug diffusion. 

Microinjections were delivered through bilateral 28-gauge injectors (Plastics One, 
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Roanoke, VA) that were inserted through the guide cannulae and extended 2 mm 

beyond the tips of the guide cannulae. 

Data Analysis  

Raw data files were exported from Graphic State software and compiled using a 

custom macro written for Microsoft Excel (Dr. Jonathan Lifshitz, University of Kentucky). 

Statistical analyses were conducted in SPSS 20. Stable behavior was defined by the 

absence of a main effect of session, the absence of an interaction between session and 

trial block, and the presence of a main effect of trial block within a repeated measures 

ANOVA over a 5 session period (Winstanley et al., 2006; Simon et al., 2009a; Simon et 

al., 2010). The effects of drug manipulations were assessed using two-way repeated 

measures ANOVA, with both drug dose and trial block (i.e. – risk of footshock) as 

repeated measures variables. In all cases, p values less than .05 were considered 

significant. 

Assessment of Cannula Placement 

 After behavioral testing was completed, rats were euthanized by intraperiotoneal 

injection of 100mg/kg sodium pentobarbital. Brains were removed and stored in 4% 

formaldehyde solution for 48 hours, then post-fixed in 4% formaldehyde/20% sucrose 

solution until sectioning. Tissue was sectioned in the coronal plane on a sliding 

microtome, and sections (60 µm) were collected in a 1 in 2 series and mounted on 

slides. Sections were stained with Cresyl Violet, coverslipped, and visualized using a 

microscope under conventional bright-field illumination. Cannula tip placements were 

verified for both dorsal and ventral striatal infusion sites and mapped onto standardized 

coronal sections of the rat brain (Paxinos and Watson, 2008).  
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Results 

Rats were trained extensively in the RDT and were then implanted with cannula 

directed at either the dorsal or ventral striatum. Upon recovery, rats were retrained in 

the RDT and achieved stable performance before drug testing began. There were no 

main effects or interactions involving the factor of session across the test sessions 

interposed between drug testing days (Fs < 1.877 and ps > 0.133) suggesting that there 

were no carryover effects of the drugs on choice performance (i.e. performance 

remained stable across the baseline sessions). Data from the 10 µg dose were 

excluded after analyses revealed that rats in both the dorsal and ventral striatal 

cannulation groups omitted over 45% and 38% of all trials, respectively. Additionally, 

four rats were excluded after histological analysis revealed that their cannula 

placements were outside of the desired location (dorsal: n = 2, ventral n= 2). 

Microinjections of the D2-like agonist quinpirole into the dorsal striatum did not 

alter choice of the large, risky reward in the RDT (main effect of drug: F(2,16) = 0.97, n.s.; 

drug x block interaction: F(8,64) = 0.87, n.s., Figure 5-1). However, microinjections into 

the ventral striatum resulted in a dose-dependent decrease in choice of the large, risky 

reward (main effect of drug: F(2,18) = 3.87, p < .05,drug x block interaction: F(8,72) = 0.22, 

n.s., Figure 5-2), suggesting that D2-like receptors in the ventral striatum may modulate 

risk taking behavior and that an increase in D2-like receptor activity may bias behavior 

toward greater risk aversion. 

There were no drug-induced changes in locomotor activity during the shock period 

(shock reactivity) in either dorsal or ventral cannulated rats (dorsal: F(2,14) = 1.24, n.s.; 

ventral: F(2,16) = 0.39, n.s.) (see Table 5-1). There was a significant change in baseline 

locomotion (locomotor activity measured during the period between active trials) in 
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ventral and a near significant change in dorsally cannulated rats (ventral: F(2,18) = 3.77, p 

< 0.05; dorsal: F(2,16) 3.28, p = 0.06). Pair-wise comparisons showed a significant 

increase in baseline locomotion from vehicle injections compared with administration of 

the low dose (0.1µg) of quinpirole in both groups (dorsal and ventral) (dorsal: t(8) = -2.74, 

p < 0.5; ventral: t(9) = -2.75, p < 0.5); however, there was no change in baseline 

locomotion between vehicle injections and the medium dose (1.0µg) (dorsal: t(8) = -0.80, 

n.s.; ventral: t(9) = -0.69, n.s.). Furthermore, there were no differences in baseline 

locomotion between the low (0.1ug) and medium (1.0µg) doses of quinpirole (dorsal: t(8) 

= 1.87, n.s.; ventral: t(9) = 1.80, n.s.). 

Discussion 

 This is the first study to investigate the involvement of striatal dopamine D2-like 

receptors in modulating choice behavior in the RDT. The results suggest that activation 

of D2-like receptors in the ventral striatum biases choice behavior toward a more risk 

averse pattern. This finding is consistent with the results of Experiment 2, which showed 

that rats with greater preference for the large, risky reward had lower D2 mRNA levels 

in the NACSH. It is also consistent with evidence that, individuals with lower D2-like 

receptor availability in the striatum have higher rates of risk taking as measured by the 

IGT (Linnet et al., 2011a, b), as well as with, previous work from our laboratory showing 

that acute systemic administration of the D2 agonist bromocriptine biased choice 

behavior toward greater risk aversion (Simon et al., 2011). Finally, these data are 

consistent with findings that direct microinjections of the D2-like antagonist nafadotride 

into the NACSH produce an increase in impulsivity (Besson et al., 2010).Moreover, these 

data are also consistent with findings that direct microinjections of quinpirole into the 

nucleus accumbens show that ventral striatal D2 receptors are critical for fast 
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adaptation to responding to aversive stimuli (Boschen et al., 2011). In the current 

experiment quinpirole was not infused into the NACC or NACSH subregions specifically; 

it will be of interest to conduct such studies in the future to dissociate the role of these 

subregions in modulating risky decision-making. 

 There were no alterations in risk taking with quinpirole administration into the 

dorsal striatum, which is surprising as previous data from our laboratory as well as data 

from Experiment 2 indicate that low levels of D2 mRNA in the dorsal striatum (especially 

the DLS) are associated with increased choice of the large, risky reward. Injections of 

quinpirole into the DLS have also been shown to reduce nociception and increase 

avoidance behavior (Magnusson and Fisher, 2000; Boschen et al., 2011). Had 

quinpirole reduced nociception, one might suggest that preference for the large, risky 

reward would have increased as the shock might have become less noxious; however, 

quinpirole injections into the dorsal striatum did not affect risky decision-making or 

shock reactivity. However, the injections in the present study did not target the DLS 

directly, and thus more specific infusions into this subregion of the dorsal striatum could 

have different effects. 

Importantly, these results were unlikely to have been due to drug-induced 

alterations in food motivation, locomotor activity, or shock reactivity. We have shown 

previously that preference for the large risky reward is not affected by either 1 or 24 h of 

pre-feeding prior to testing (Simon et al., 2009a), and the effects of the drugs on 

locomotion and shock reactivity in the current experiments did not track their effects on 

reward preference in any obvious way (see Table 6-1), suggesting that the effects of 

quinpirole on these factors did not play a significant role in the drugs’ effects on reward 
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preference. For example, the lowest dose of quinpirole (0.1 µg/0.5 µL per hemisphere) 

resulted in an increase in locomotor activity in both the dorsal and ventral cannulated 

groups; however, there were no detectable alterations in risky decision-making at this 

dose. Moreover, there were no changes in locomotion with administration of the 

medium dose of quinpirole (1.0 µg/0.5 µL per hemisphere), but this dose resulted in 

reduced choice of the large, risky reward in the ventrally cannulated rats. 

Notably, the results obtained here stand in contrast to the increase in risk-taking 

behavior produced by acute systemic administration of dopaminergic agonists and 

antagonists in other rodent tests of risk-taking, in which reward omission (rather than 

punishment) is used as the “cost” that influences reward value. For example, Zeeb et al. 

(2009) found that acute systemic administration of the D2 antagonist eticlopride resulted 

in improved performance in a rat gambling task (designed to mimic the human IGT), 

such that rats biased their choices away from high risk options. This difference in the 

effects of dopaminergic agonists and antagonists likely reflects in part the nature of the 

costs associated with the large rewards in these tasks. Although both reward omission 

and punishment have similar effects on choice behavior (reducing choice of the rewards 

with which they are associated), it is likely that punishment (even a mild footshock) is a 

more salient cost than reward omission and that this underlies the difference in D2 

modulation of risk taking within these two tasks (see also (St Onge and Floresco, 

2009a). 

 In conclusion, the results of direct microinjections of the D2-like agonist 

quinpirole into the ventral striatum further support our previous behavioral and receptor 

mRNA expression data, by showing that activation of ventral striatal D2-like receptors 
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can reduce risk taking, and that low levels of ventral striatal D2 receptors may play a 

causal role in high levels of risk taking. Notably, cocaine SA (which can cause 

reductions in striatal D2 receptors (Nader et al., 2006)) caused long-lasting elevations in 

risk taking (Experiment 1). Such cocaine-induced decreases in D2 receptor expression 

could result in behavioral inflexibility (Groman et al., 2011), which could lead to a bias 

toward the large risky reward in cocaine SA rats (Lucantonio et al., 2012). 

Limitations and Future Directions: This study determined that administration of 

the D2-like agonist quinpirole into the ventral striatum resulted in a decrease in 

preference for the large, risky reward. It will be interesting in future studies to determine 

whether this effect is mediated by the NACC or NACSH. Preliminary analyses in which 

the cannula placements in the current study were separated by whether they were 

located in the core or shell suggest that placements in the shell were more effective 

than those in the core at reducing risk taking (data not shown). This observation is 

particularly interesting as results from Experiment 2 suggest that D2 mRNA expression 

especially in the NACSH is related to preference for the large, risky reward in adolescent 

rats, whereas there was no relationship between D2 receptor expression in the NACC 

and adolescent preference for the large, risky reward. It would also be interesting to 

investigate the relationship between D3 receptors and risk taking, as quinpirole can 

activate both D2 and D3 receptors. Within the ventral striatum, D3 receptors are located 

specifically in the NACSH. Therefore, if the NACSH is more important for mediating risk 

taking than the NACC, then quinpirole may be exerting its effects through both D2 and 

D3 receptors in this region. In addition, it would be of great interest to perform direct 

microinjections of a D2-like antagonist into the ventral striatum to determine whether it 
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mimics the increase in risky decision-making seen in the cocaine SA rats after SA. Such 

data would help to determine whether nucleus accumbens D2-like activity is sufficient or 

necessary for mediating risk taking behavior.  

The preponderance of published data linking risk taking, cocaine SA, and 

adolescent development, concerns the D2 receptor. Results from Experiment 2 also 

showed relationships between striatal D1 receptor mRNA expression in the DMS and 

adolescent preference for the large, risky reward, however, and D1 receptors in the 

DMS have been implicated in mediating the initial preference for cocaine SA (Murray et 

al., 2012). Accordingly, it will be of great interest to determine if D1 receptors within the 

DMS can modulate risk taking behavior. It may be that D2 receptors within the ventral 

striatum and D1 receptors within the dorsal striatum mediate risk taking in a differential 

(or complementary) manner. Therefore, it will be of interest to determine the effects on 

risk taking if intra-striatal microinjections of D1 receptor acting drugs. 
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Figure 5-1. RDT Performance After Dorsal Striatal Microinjections of Quinpirole. 
Microinjections of the D2 agonist quinpirole had no effect on risky decision-
making. 
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Figure 5-2. RDT Performance After Ventral Striatal Microinjections of Quinpirole. 
Microinjections of the D2 agonist quinpirole shifted choice behavior, in a 
dose-dependent manner, toward a greater preference for the small, safe 
reward. 
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Table 5-1.  Omissions, Locomotion, and Shock Reactivity during Quinpirole  
       Microinjections 

Drug 
Percent of Choice 

Trials Omitted 

Locomotion (Locomotor  

units/ITI) 

Shock Reactivity 

(Locomotor  

units/1 s shock) 

Dorsal    

ACSF 22.5 (9.0) 186.28 (41.4) 2.66 (0.3) 

0.1ug/side 7.8 (2.5) 339.36* (37.3) 2.57 (0.4) 

1.0ug/side 18.6 (3.9) 243.64 (54.7) 2.88 (0.2) 

10ug/side 45.3 (8.7) 107.81 (46.4) 3.25 (0.6) 

Ventral 
   

ACSF 13.0 (2.6) 261.42 (49.1) 2.80 (0.1) 

0.1ug/side 15.0 (5.6) 456.91* (59.0) 3.09 (0.2) 

1.0ug/side 27.0 (8.8) 308.99 (56.4) 2.80 (0.3) 

10ug/side 38.0 (7.2) 132.74* (49.4) 2.13 (0.4) 

* denotes a significant difference from the ACSF condition at p < .05. Standard error of 
the mean is in parenthesis.  
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CHAPTER 6 
SUMMARY AND CONCLUSIONS 

Chronic drug users display maladaptive decision making, including elevated risk 

taking. However, it has been difficult to determine whether elevations in risk taking are a 

pre-existing condition that might increase propensity for drug use, or if they are caused 

by chronic drug use. Experiment 1 used a rat model to demonstrate that adolescent risk 

taking predicts future cocaine SA in adulthood, such that rats that preferred the large, 

risky reward in adolescence had greater cocaine intake during a cocaine SA acquisition 

paradigm. In addition, this experiment demonstrated that cocaine SA itself can cause 

long-lasting elevations in preference for the large, risky reward. Thus, these data 

suggest that the elevated risk taking observed in chronic drug users may be both a pre-

existing condition and a consequence of drug (at least cocaine) use. 

In future work it would be of great interest to investigate the behavioral 

mechanisms that may underlie the individual differences in preference for the large, 

risky reward in the RDT. For example, in delay discounting tasks, choice behavior can 

be influenced by two behavioral mechanisms: sensitivity to delay and sensitivity to 

reward. These behavioral mechanisms can be differentially modulated by 

pharmacological agents (e.g. acute systemic nicotine administration results in increased 

impulsive choice in a delay discounting task, but when behavioral mechanisms are 

investigated independently, it is revealed that the increase in impulsivity is not a result of 

alterations in sensitivity to delay, but rather due to a decrease in sensitivity to the 

magnitudes of the rewards used in the task) (Dallery and Locey, 2005; Locey and 

Dallery, 2009, 2011). However, as tasks become more complex, it becomes more 

difficult to disentangle the underlying behavioral mechanisms. In the RDT there are (at 
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least) three behavioral mechanisms that may influence choice: sensitivity to reward, 

sensitivity to probability, and sensitivity to punishment. Previous work from our 

laboratory has investigated individual differences in reward motivation (willingness to 

exert effort to obtain reward) and pain tolerance (sensitivity to shock) (refer to Figure 1-

12), and found that they are not correlated with RDT choice performance (Simon et al., 

2011). However, the value of the small and large rewards in the RDT do differ (1 vs. 3 

pellets respectively) and hence variation in sensitivity to the differences in reward 

magnitudes could still influence choice behavior. In addition, as mentioned above, RDT 

performance could be influenced by sensitivity to the probability of shock delivery, or the 

ability to detect the changes in probability across trial blocks. Rats that are unable to 

detect these changes in probability, but that are still sensitive to reward magnitude and 

punishment might show greater choice of the large, risky reward because they are less 

able to detect/respond to the increasing probability of punishment across trial blocks. 

Finally, while pain sensitivity is not associated with preference for the large, risky reward 

in the RDT (Simon et al., 2011), this does not rule out an influence of individual 

differences in sensitivity to punishment (i.e. the ability to process and respond to 

negative feedback). For example, people with frontal cortical lesions have deficits in 

their ability to process negative feedback, such that during IGT performance, they do 

not shift their behavior to choose safer decks even when they are consistently 

presented with loss, and more frequently choose risky decks in the IGT (Bechara et al., 

1994; Bechara et al., 1996; Bechara et al., 1997; Bechara et al., 1999; Bechara et al., 

2001). Each one of these factors may contribute to the individual differences shown in 

adolescent RDT performance, and different factors could contribute differentially in 
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different individuals. After sucrose SA, rats in this group still showed considerable 

variability as was observed in adolescence, and post-sucrose SA performance was 

correlated with adolescent performance. After cocaine SA, however, the variability was 

decreased dramatically such that all of the rats showed a strong bias toward the large, 

risky reward. This result might narrow the behavioral mechanisms that may strongly 

drive RDT choice behavior after cocaine SA. In particular, there is a mounting body of 

literature suggesting that cocaine-dependent subjects are insensitive to punishment (in 

that it has a reduced influence on their behavior) and display deficits in processing 

negative feedback similar to those found in patients with prefrontal cortex damage 

(Bechara et al., 2001; Bolla et al., 2003; Tucker et al., 2004; Barry and Petry, 2008; 

Lane et al., 2010; Cunha et al., 2011). Such data suggest that under normal 

circumstances (e.g. prior to cocaine SA), several different behavioral mechanisms might 

influence choice behavior, whereas after cocaine SA, insensitivity to punishment might 

play a leading role in driving strong preference for the large, risky reward. Future studies 

that explicitly investigate associations between individual differences in RDT 

performance and sensitivity to reward, probability, and punishment will be useful for 

determining which of these behavioral mechanisms might drive choice behavior under 

different conditions. 

 Previous data from our laboratory and elsewhere suggest that both risk taking and 

drug use are strongly influenced by dopamine signaling (Volkow et al., 2001; Nader et 

al., 2006; Dalley et al., 2007; Simon et al., 2009a; Mitchell et al., 2011; Simon et al., 

2011). Experiment 2 investigated how dopamine signaling may mediate the relationship 

between adolescent risk taking and cocaine SA by assessing D1 and D2 dopamine 
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receptor mRNA expression in subregions of the prefrontal cortex and striatum in rats 

characterized in the RDT during adolescence. D1 mRNA expression in the DMS was 

negatively related to adolescent preference for the large, risky reward such that rats 

with less D1 mRNA expression in the DMS had greater preference for the large, risky 

reward. Interestingly, D1 signaling in the DMS has also been associated with early SA 

cocaine seeking (i.e. initial motivation to obtain cocaine) (Murray et al., 2012). The data 

from Murray et al. (2012) suggest that a decrease in D1 signaling attenuates cocaine 

seeking, which stands in contrast to the findings in the present study. It is also important 

to note that unlike the present work, Simon et al. (2011) found a positive relationship 

between D1 receptor mRNA expression in the NACSH and preference for the large, risky 

reward in the RDT (such that greater D1 mRNA expression was associated with greater 

risk taking). Unfortunately, there are very few data available to provide a context to 

better understand these effects (e.g. there has been little or no PET imaging of D1 

receptors in the context of decision-making or chronic drug use). 

Simon et al. (2011) recently showed that dorsal striatal D2 receptor mRNA 

expression was negatively correlated with adult preference for the large, risky reward in 

the RDT, such that rats that showed greater preference for the large, risky reward had 

less D2 receptor mRNA expression in the dorsal striatum. Results from Experiment 2 

are consistent with these previous data and expand upon them by narrowing the dorsal 

striatal effect to the DLS (i.e. DLS D2 mRNA expression is inversely related to choice of 

the large, risky reward). D2 receptor activity within the DLS has been implicated in 

avoidance learning, in that DLS D2 activation enhances such learning (Boschen et al., 

2011). These data suggest then that low levels of DLS D2 receptor expression may 
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result in reduced avoidance behavior and consequently increased choice of the large, 

risky reward.  

The results of Experiment 2 also show an inverse relationship between NACSH D2 

mRNA expression and adolescent preference for the large, risky reward. This result is 

particularly interesting as the NACSH is part of the ventral striatum, which has been 

implicated in both risk taking and drug use. It was previously unclear in human studies 

(Volkow et al., 2001; Lee et al., 2009) whether low levels of striatal D2 binding in chronic 

drug users were a result of stimulant use or were a preexisting condition; however, 

Nader et al. (Nader et al., 2006) showed that ventral striatal D2 binding decreased after 

cocaine SA in rhesus monkeys, suggesting that low D2-like receptor availability in 

human cocaine users may be due in part to effects of cocaine itself. Moreover, Dalley et 

al. (Dalley et al., 2007) found that D2 binding in the ventral striatum predicted both trait 

impulsivity and high rates of cocaine SA. Taken together with our data, it appears that 

low D2 expression in the ventral striatum, specifically the NACSH, may render individuals 

more vulnerable to both risk taking and cocaine use. 

Previous data from our laboratory showed that acute systemic administration of a 

D2-like agonist, but not a D1-like agonist, shifted choice behavior toward a more risk 

averse pattern in the RDT. To investigate this further and to determine the functional 

and anatomical relevance of the D2 mRNA expression data from Experiment 2, in 

Experiment 3, the D2-like agonist quinpirole was microinjected into either the dorsal or 

ventral striatum prior to performance in the RDT, to determine how D2-like receptor 

activation in these areas modulates choice behavior. Consistent with the mRNA data 

from Experiment 2, D2-like receptor activation within the ventral striatum dose-
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dependently decreased preference for the large, risky reward, shifting behavior toward a 

more risk averse pattern. These data further support the idea that low D2 expression 

within the ventral striatum may modulate choice behavior toward elevated risk taking 

and a greater propensity for cocaine use.  

Considered together, these data suggest that low levels of striatal dopamine 

receptor activity, particularly during late adolescence/early adulthood, may be a feature 

of several forms of maladaptive behavior, and furthermore that increasing striatal 

dopamine receptor activity may hold promise for reducing such behaviors. However, 

more work needs to be done, not only to determine the role of striatal D1 receptor 

signaling in mediating the relationship between risky decision-making and cocaine SA, 

but also to determine how chronic cocaine alters dopaminergic signaling, which could 

play a causal role in cocaine-induced elevations in risk taking. 

Variation in dopamine signaling (either preexisting individual differences or 

cocaine-induced changes in dopamine) within the striatum can have implications for 

various other structures and signaling pathways, as the striatum is a major component 

of the basal ganglia. The basal ganglia are a group of nuclei which work together to 

form a functional circuit which underlies a variety of processes including cognition (e.g. 

behavioral disinhibition) (for reviews on the basal ganglia and its circuitry see (Nauta 

and Domesick, 1984; Gerfen, 2004; Chakravarthy et al., 2010; Sesack and Grace, 

2010)). The primary components of the basal ganglia are the striatum, globus pallidus, 

substantia nigra, and subthalamic nucleus. The basal ganglia also have a subsector 

which mediates limbic functions made up of the nucleus accumbens, ventral palladium, 

and ventral tegmental area. These circuits connect to the thalamus and from there to 
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the prefrontal cortex, where they can influence executive functions including decision-

making processes. The striatum is the first stage of the basal ganglia circuitry and 

receives inputs from various regions of the brain including the prefrontal cortex. In turn, 

it sends outputs through the basal ganglia/thalamic circuitry back to the prefrontal cortex 

via two routes characterized as the “direct” and “indirect” pathways. It is widely accepted 

that striatal D1 receptors largely influence the direct pathway, and D2 receptors largely 

influence the indirect pathway. Activation of D1 receptors in the direct pathway results in 

the activation of the thalamic output to the prefrontal cortex, which is thought to 

reinforce behavior (i.e. to encourage repetition of behavior) (Hollerman and Schultz, 

1998; Schultz, 1998; Schultz and Dickinson, 2000; Goto and Grace, 2008; Sesack and 

Grace, 2010). The circuitry of the indirect pathway inhibits the thalamic output to the 

cortex; however, activation of inhibitory D2 receptors within the indirect pathway results 

in the disinhibition of the thalamus, ultimately resulting in increased thalamic output to 

the prefrontal cortex (see Figure 6-1). Such D2 receptor activation in striatum (and 

consequent reduction in indirect pathway influence on the thalamus) is thought to be 

important for inhibiting reward-directed behavior (Caine et al., 2002; Drew et al., 2007; 

Floresco, 2007; Welter et al., 2007; Durieux et al., 2009; Chakravarthy et al., 2010; 

Johnson and Kenny, 2010; Sesack and Grace, 2010; Xue et al., 2011). 

As mentioned previously, striatal D2 receptors have been heavily implicated in 

behavioral disinhibition and drug use, such that lower D2 expression is associated with 

elevations in behavioral disinhibition and an increased propensity for drug use. 

Reductions in D2 receptor activation resulting from lower D2 receptor expression within 

the striatum might result in less inhibition of risk taking and drug use by inhibiting the 
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thalamic output to the prefrontal cortex and possibly consequent greater reinforcement 

of these behaviors through activation of the D1 (direct) pathway (Lobo et al., 2010). In 

studies mentioned earlier in which D2 receptor availability is measured using PET 

(Volkow et al., 2001; Lee et al., 2009), because of the nature of the technique, it is 

unclear whether the lower D2 receptor availability is a result of reduced D2 receptor 

density, if the reduction in receptor availability is post- or presynaptic (or both), or if 

there is an increase in dopamine release competing with the ligand. Moreover, it still 

remains unclear if the relationships between D2 receptor expression or availability 

(including cocaine-induced alterations in receptor expression) and behavioral 

disinhibition are associated with pre- or postsynaptic receptors or both (radiolabeled 

ligands currently do not distinguish between the two). In regard to the current study, the 

mRNA receptor expression levels reported in Experiment 2 do reflect postsynaptic D2 

receptor mRNA expression (i.e. D2 receptor mRNA is known to be expressed in striatal 

neurons), but it is unknown if they also reflect presynaptic receptor expression as well 

(i.e. it is not clear whether D2 mRNA is present in presynaptic terminals). 

Potentially shedding some light on this issue, however, a recent study by Bello et 

al. (2011) developed a selective D2 receptor knockout mouse that lacks presynaptic D2 

autoreceptors within the striatum. These mice were hypersensitive to the locomotor 

effects of cocaine and showed increased sensitivity to the motivational effects of 

cocaine, as they were willing to press a lever more times to gain access to cocaine 

compared to wild type mice. Moreover, these mice worked harder to obtain a food 

reward and showed a greater locomotor response to a novel environment (a possible 

measure of risk taking). These data suggest that lower D2 autoreceptor expression can 
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result in increases in sensitivity to cocaine and reward motivation (potential elements of 

behavioral disinhibition), and that, therefore, the relationships between reduced striatal 

D2 receptors, elevated behavioral disinhibition, and propensity for cocaine use might be 

due to reductions in presynaptic D2 receptors. There are several caveats to this 

conclusion however. Decreases in presynaptic D2 autoreceptor levels would result in 

increased dopamine release, such that the behavioral phenotype of these mice could be 

a result of hyperdopaminergia. In addition, chronic excessive dopamine release could 

lead to compensatory mechanisms such as decreased postsynaptic dopamine receptor 

expression. Regardless of the exact mechanism, the results from the Bello et al. (2011) 

study suggest that loss of D2 presynaptic autoreceptors has the potential to play a 

causal role in some elements of behavioral disinhibition and cocaine use.  

Low striatal D2 receptor expression may be a preexisting condition that can 

increase propensity for cocaine use, but it is still unclear how cocaine use causes 

elevated risk taking. A recent study investigated the effects of acute cocaine 

administration in mice on neuronal intracellular calcium levels in vivo using optical 

microprobe imaging (changes in intracellular calcium can be used as a marker of 

postsynaptic neuronal activation) (Luo et al., 2011). Cocaine administration resulted in a 

rapid increase in intracellular calcium in D1 receptor expressing neurons, whereas 

intracellular calcium decreased continuously over the course of 30 minutes in post-

synaptic D2 receptor expressing neurons. These data suggest that acute cocaine 

administration results in rapid activation of D1 expressing neurons within the direct 

pathway of the basal ganglia, and a slower, longer-acting deactivation of D2 expressing 

neurons within the indirect pathway. While D2 receptors within the indirect pathway 
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would normally act to suppress the reinforcement of cocaine taking (Caine et al., 2002; 

Welter et al., 2007; Lobo et al., 2010) (although it should be noted that it remains 

unclear how D2 receptors within the indirect pathway exert this effect), the cocaine-

induced reduction in D2 activation in indirect pathway neurons would be expected to 

allow for greater reinforcement of cocaine taking by resulting in the inhibition of the 

thalamus and therefore, less output to the prefrontal cortex. The effects of chronic 

cocaine administration on changes in intracellular calcium remain unclear; however, 

Thompson et al. (2010) found that chronic cocaine exposure resulted in the 

downregulation of D2 receptors in the striatum as measured by radioligand binding (as 

described above, these alterations in D2 receptor binding could be either pre- or 

postsynaptic), further supporting the idea that cocaine administration reduces the 

influence of D2 receptors within the indirect pathway, which normally act to suppress 

such behavior (Caine et al., 2002; Welter et al., 2007; Lobo et al., 2010). Considering all 

of these data together, repeated cocaine administration might result in deactivation of 

the indirect pathway and a downregulation of dopamine D2 receptors (Thompson et al., 

2010), possibly including presynaptic D2 autoreceptors. Such alterations in receptor 

expression may then mimic many of the findings regarding the D2 autoreceptor 

knockout mice (Bello et al., 2011), such that cocaine-exposed subjects display a 

sensitized response to cocaine’s rewarding effects, hyperdopaminergia (amplified by 

the decrease in D2 autoreceptors), and even increased risk taking.  

In conclusion, it could be argued that low D2 receptor expression (possibly both 

pre- and postsynaptic) in the striatum can be a preexisting factor resulting in elevated 

behavioral disinhibition, including risk taking. This elevation in risk taking (particularly in 
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adolescence) can predict the propensity for cocaine SA. As striatal D2 receptors have 

been associated with both risk taking and drug use, it is possible that the low expression 

of D2 receptors underlies elevated risk taking by causing dampened thalamic output to 

the prefrontal cortex. Chronic cocaine administration might then further dampen the 

thalamic output to the prefrontal cortex via the indirect pathway (through further 

decreases in D2 expression) and increase activation in the direct pathway, which would 

result in further reinforcement of cocaine taking, and ultimately risk taking, forming a 

‘vicious cycle’. 

 

 

Figure 6-1. Dopaminergic Modulation of the Direct and Indirect Pathways. This figure 
shows the circuitry between the prefrontal cortex, striatum, and basal 
ganglia/thalamic circuitry to produce voluntary movement, procedural 
learning, and some cognitive functions. The green arrows represent excitatory 
connections and the red arrows represent inhibitory connections. 
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