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ABSTRACT OF THE DISSERTATION 

 

A Striatal Mechanism and Evolutionary Origin of 

Impulsive Reward Choice in Protracted Withdrawal 

 

by 

 

Andrew Blair Thompson 

Doctor of Philosophy in Neuroscience 

University of California, Los Angeles, 2016 

Professor Alicia Izquierdo Edler, Chair 

 

 Substance use disorder is a chronic, relapsing condition characterized by preoccupation 

with acquiring or taking a drug, to the detriment of other healthy behaviors. Even after long periods 

of abstinence from the drug, there is a high chance of relapse in the presence of stress or cues 

of drug availability, rendering short-term treatment strategies inadequate. A major barrier to the 

success of treatments for substance use disorder is that drug users tend to be more impulsive 

than the general population: they are less able to appropriately inhibit reward-seeking behaviors, 

and tend to overvalue short-term reward acquisition over long-term benefits. This impulsivity can 

predispose certain individuals toward developing substance use disorder, but there is also 

compelling evidence that a history exposure to drugs of abuse can induce impulsivity in animals 
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with no preexisting differences in behavior. While this is well established in tasks of risky decision 

making and intertemporal choice, it has not been investigated in tests of effort allocation. Evidence 

is presented herein that rats assessed in protracted withdrawal from methamphetamine (mAMPH) 

show a unique behavioral pattern when given the opportunity to work for rewards: effort 

expenditure is enhanced when animals are given a choice between rewarded action and 

unrewarded inaction, and reward value is steeply discounted by increasing effort demands when 

in the presence of an acceptable alternative reward source. 

 The neural mechanisms underlying impulsive choice in mAMPH withdrawal are unclear. 

It has been hypothesized that mAMPH disrupts top-down executive control over reward seeking 

by interfering with neurotransmission in the frontal cortex. It has also been proposed that drug-

induced neural changes in the basal ganglia, especially reduction in expression of the dopamine 

D2 receptor, may underlie impulsive behavior. The present work expands on these hypotheses 

by showing that mAMPH withdrawal, but not mAMPH exposure, is related to decreased striatal 

D2 expression. Additionally, steep effortful discounting in mAMPH withdrawal was mimicked by 

pharmacologic activation of D2-expressing medium spiny neurons in the striatum. 

 Finally, the above findings are considered in the framework of evolutionary theory to 

answer the question of why natural selection has favored traits which left the body vulnerable to 

this kind of manipulation. It is proposed that natural selection on foraging behavior favored the 

development of decision rules which adapt reward seeking behavior to suit the relative reward 

density and distribution in the environment. Exposure to and withdrawal from mAMPH provides 

misleading information to this system, leading to impulsive behavior which persists long after the 

cessation of drug use. Implications of this hypothesis for treatment of substance use disorders 

are discussed. 
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Chapter 1: Introduction 

Background and Significance 

 Substance abuse is a major public health crisis in the United States. In 2014, drug 

overdoses accounted for over 47,000 deaths in America (CDC 2015). While prescription opioids 

and heroin account for over half of fatal drug overdoses, there is evidence that the rate of 

psychostimulant-related deaths has increased over the last 15 years (Calcaterra et al. 2013), and 

treatment admissions for methamphetamine abuse have steadily risen over the same time period 

(Gonzales et al. 2010). Psychostimulant abuse may be an emerging epidemic, especially among 

vulnerable populations such as gay and bisexual men (Flentje et al. 2015, Gonzales et al. 2010). 

Additionally, substance abuse places a significant burden on the national economy, with costs 

related to criminal justice, heath care, and lost productivity estimated to exceed $700 billion 

annually, $193 billion of which is due to abuse of illicit and illegal drugs (USDHHS 2015, CDC 

2014, NDIC 2011). The human and economic costs of substance abuse have tended to increase 

over the last decade, and without effective interventions and treatments, they will likely continue 

to rise. 

 Effective long-term treatments for substance abuse are difficult to implement, as patients 

are prone to relapse even following detoxification and extended abstinence from the drug 

(Leshner 1999). A random sampling of methamphetamine-dependent patients seeking treatment 

in Los Angeles found that 77% of the sample had relapsed to methamphetamine abuse within 7 

years of treatment. The same study found that 61% of patients relapsed within the first year after 

treatment, 36% of whom resumed methamphetamine use during the first month after being 

discharged from treatment (Brecht & Herbeck 2014). Methamphetamine abuse is particularly 

difficult to treat, due in part to a complex interaction between the pharmacologic properties of the 

drug, the dysphoria and craving associated with withdrawal from the drug, the personality and 

behavioral traits of the user, and legal or social barriers to treatment such as a criminal record, 
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stigmatization, and loss of social welfare benefits (Rawson et al. 2002, Gonzales et al. 2010, 

Iguchi et al. 2002). 

Methamphetamine Pharmacology 

 The pharmacological properties of methamphetamine’s parent compound, amphetamine, 

were discovered in 1929 by Gordon Alles (Piness et al. 1930). Amphetamine was sold for many 

years as an over-the-counter remedy for congestion, narcolepsy, Parkinsonism, and depression 

(Rasmussen 2008). During World War II, amphetamine tablets were commonly issued to soldiers 

and airmen to aid alertness and to treat symptoms of depression, and widespread use among the 

military soon spread into the general population. By the end of the war in 1945, over half a million 

people in the United States were using amphetamine tablets for psychiatric conditions or weight 

loss (Rasmussen 2008). Up until this point, the patent for amphetamine was fiercely guarded by 

the major pharmaceutical company Smith, Kline, and French (SKF), who received it from Alles 

and tightly controlled production of amphetamine salts. The huge demand for amphetamine after 

the war led to the popularization of substituted amphetamines, including methamphetamine, 

which had been widely used by Japanese soldiers during the war (Anglin et al. 2011). 

Methamphetamine shares a nearly identical structure with amphetamine, but is N-methylated, 

conferring greater hydrophobicity and a somewhat faster onset of effects (Melega et al. 1995). 

The Comprehensive Drug Abuse Prevention and Control Act, passed in 1970, established a 

schema for classifying drugs according to their medical usage and abuse potential that is still in 

use today. Based on their accepted medical uses and their high abuse potential, 

methamphetamine and amphetamine were placed in Schedule II, subjecting them to production 

quotas, limits on prescriptions, and strict recordkeeping procedures. This helped to curb the abuse 

of these drugs by the late 1970’s, though recent evidence suggests that psychostimulant use may 

be on the rise again, driven largely by an increase in prescriptions of Adderall (amphetamine) and 
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Ritalin (methylphenidate) for attention deficit hyperactivity disorder in adolescents (Rasmussen 

2008). 

Psychostimulants induce characteristic repetitive use patterns by interacting with the 

brain’s reward system. The idea that parts of the brain are responsive to rewards and could 

motivate behavior came from experiments by Olds and Milner (1954) which showed that rats 

would actively press a lever to receive electrical stimulation in certain brain regions. Further 

anatomical mapping of reward regions in the mesencephalon identified catecholamines as the 

major neurotransmitters underlying self-stimulation behavior, though at the time it was unclear 

whether the dopaminergic fibers originating in the ventral mesencephalon or the noradrenergic 

fibers from the locus coeruleus were primarily responsible for the behavior (Crow 1972). The 

catecholamine theory of reward (Wise 1978), combined the self-stimulation data with evidence 

that animals would self-administer drugs which activated catecholaminergic systems (including 

cocaine and amphetamine) to posit the existence of specialized circuitry in the brain which 

mediate the sensation of reward, and that this circuitry relies upon catecholamine transmission. 

Wise wisely noted that pharmacologic blockade of dopaminergic receptors prevented self-

stimulation to a greater extent than blockade of noradrenergic receptors, suggesting that 

dopamine was the neurotransmitter responsible for reward-related behavior and motivation. 

Since then, other studies have expanded on that role. Dopamine was found to be involved 

in motor control based on its involvement in the symptoms of Parkinson’s disease (Wooten 1989). 

The mapping of the neural projections within the basal ganglia supported this motor hypothesis 

of dopamine, showing that dopamine signaling was permissive to cortical movement initiation by 

exciting the substance P- and D1-expressing “direct pathway” and by inhibiting the enkephalin- 

and D2-expressing “indirect pathway” (Alexander & Crutcher 1990, Gerfen et al.  1990, Gerfen 

1992, Surmeier et al. 2007). Seminal work by Schultz showed that putatively dopaminergic cells 

were responsive to unexpected rewards and cues that predicted them, but not to rewards that 
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were fully predicted (Schultz 1998). Others emphasized a role for dopamine in cost/benefit 

decision making, suggesting that instead of simply signaling reward, dopamine signaled the 

predicted value of an action after accounting for costs, and enabled animals to overcome these 

costs to acquire rewards (Salamone et al. 1997).  It is now commonly accepted that dopamine, in 

response to environmental cues predictive of reward availability, phasically increases in the 

striatum, permitting motor commands associated with the acquisition of said reward to be 

enacted. 

In this context, it is clear that behaviors resulting in an increase in striatal dopamine are 

likely to be repeated. It has long been known that many drugs of abuse caused an increase in 

dopamine in the striatum (Di Chiara & Imperato 1988). Psychostimulants in particular do so largely 

by interfering with the normal function of the dopamine transporter; mice lacking the dopamine 

transporter are unaffected by cocaine and amphetamine (Giros et al. 1996). Amphetamine and 

methamphetamine are able to pass through the dopamine transporter into the intracellular space, 

where they activate protein kinase C either directly or indirectly by increasing the concentration 

of intracellular calcium or by generating reactive oxidative products (Gnegy 2003). The cytosolic 

N-terminus of the vesicular monoamine transporter 2 and the intracellular N-terminus of the 

dopamine transporter are phosphorylated by protein kinase C, inducing unregulated efflux of 

dopamine from synaptic vesicles into the cytosol and from the cytosol into the synaptic cleft 

(Torres & Ruoho 2014, Wang et al. 2016). This massive increase in synaptic dopamine 

throughout the striatum leads to euphoria, hyperlocomotion, and stereotypic behavior, commonly 

known as the methamphetamine high. In a recent study of methamphetamine-dependent subjects 

in Los Angeles, a majority (56%) rated positive reinforcement, or wanting to get high, as a highly 

important motivation for using methamphetamine, and 44% reported relapsing for the same 

reason (Newton et al. 2009). 
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In addition to the subjective high, the methamphetamine-induced surge of dopamine 

reinforces the behaviors preceding it (in this case taking of the drug), and increases the probability 

that those behaviors will be repeated in the future. In this way, the pharmacologic properties of 

methamphetamine and other psychostimulants allow them to redirect the brain’s evolved reward-

seeking mechanisms toward acquisition of the drug. In the words of evolutionary biologist 

Randolph Nesse, “drugs are like magnets near the compass of the mind”, and should be 

considered “potentially harmful” (even beyond their medical dangers) for their ability to disrupt the 

evolved mechanisms responsible for guiding behavior adaptively (Nesse 1994). This maladaptive 

guidance of behavior is readily apparent in methamphetamine abusers, who frequently face major 

social and legal repercussions for their drug abuse and yet continue to use despite these negative 

consequences. 

Methamphetamine Withdrawal  

 While the positive rewarding and reinforcing properties of methamphetamine use are 

major drivers of continued use, they are only part of the story. Drug abuse is a complex and 

multifaceted disorder, and the euphoric high of drug use is almost always followed by the stress 

and dysphoria of withdrawal. In humans, the acute phase of methamphetamine withdrawal lasts 

for 7-10 days and is characterized by lethargy, anhedonia, increased appetite, anxiety, agitation, 

and craving for the drug (McGregor et al. 2005, Zorick 2010). A similar anhedonic state has been 

observed in rats during early withdrawal from methamphetamine, also lasting between 7-10 days 

(Jang et al. 2013). During this early phase of withdrawal, the dysphoric state can be alleviated by 

taking the drug. Negative reinforcement, in which a behavior that is followed by the removal of an 

aversive stimulus becomes more likely to be repeated, can therefore be a strong driver of relapse 

(Koob 2013a). 

 Much like the positive reinforcing effects of drug-taking, the withdrawal syndrome emerges 

from an interaction between the abused drug and an adaptive mechanism. In this case, the 
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adaptive mechanism in question is homeostasis: the tendency of an organism to maintain a stable 

equilibrium, and to respond to stimuli that challenge that equilibrium with countermeasures to 

restore it. In this case, the efflux of dopamine through the dopamine transporter represents a 

homeostatic challenge, and it can be met by compensatory mechanisms such as downregulation 

of dopamine transporters (Schwendt et al. 2009), changes in dopamine receptor expression or 

signaling (Volkow et al. 2001, McLeman et al. 2000), and in some cases depletion of dopamine 

(Wagner et al. 1980, Schmidt et al. 1985). Incidentally, these changes are also associated with 

the development of tolerance, or the tendency for a drug abuser to require increasing amounts of 

the drug over time to achieve the same effect. The sudden removal of the drug after these 

homeostatic adaptations have occurred results in the withdrawal syndrome, and the symptoms 

tend to be the opposite of those seen in the on-drug state. The alleviation of this aversive state 

may be a driver for relapse, especially within the first week of drug cessation. Interestingly, when 

asked about their motivations for using drugs, only 23% of methamphetamine-dependent 

respondents rated pain avoidance as a major driver of their drug use, and 47% of respondents 

reported often using drugs even though they felt OK (Newton et al. 2009). Additionally, only 26% 

of respondents reported that drugs lessen their withdrawal symptoms, though this may be due to 

the development of tolerance to the positive effects of the drug (Newton et al. 2009). This suggests 

that negative reinforcement may not be a major driver of drug abuse in most people, or at least 

that any contribution of negative reinforcement generally occurs below the level of conscious 

awareness. 

 While negative reinforcement may contribute to drug escalation and relapse vulnerability 

in early withdrawal, it does not address the phenomenon of relapse long after the aversive state 

of acute withdrawal has faded. Methamphetamine withdrawal is biphasic, and some symptoms 

linger after the acute withdrawal phase has passed. Specifically, methamphetamine-abstinent 

patients reported higher carbohydrate craving, hyperphagia, and more sleep disturbances than 
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drug-naïve controls, and this state lasted throughout the 3-week duration of the study (McGregor 

et al. 2005). In an attempt to address the question of relapse outside of the acute withdrawal 

period, the concept of allostasis has been advanced (Koob & Le Moal, 2001). Allostasis is closely 

related to homeostasis, but describes the tendency of the homeostatic equilibrium to shift in 

response to repeated or chronic challenges (Sterling & Eyer 1988). When applied to drug abuse, 

it describes the steady downshifting of the hedonic set point brought about by repeated use of 

and withdrawals from the drug. This downshift is hypothesized to last long after drug withdrawal 

has ended, and contribute to relapse vulnerability by preventing an individual from experiencing 

pleasure from non-drug reward sources. Indeed, many drugs of abuse have been shown to 

elevate reward thresholds for up to a week during withdrawal, suggesting that animals are less 

sensitive to reward after exposure to these drugs of abuse (Koob 2013b). However, reward 

thresholds return to baseline levels within 7-10 days after cessation of methamphetamine use 

(Jang et al. 2013), and anhedonia and depressive symptoms do not typically persist past the first 

week of methamphetamine withdrawal in humans (McGregor et al. 2005, Zorick et al. 2010). 

Additionally, a majority (52%) of respondents report greatly enjoying many things besides drugs, 

with only 10% responding negatively to the same question (Newton et al. 2009). These findings 

are inconsistent with the allostatic anhedonia model of relapse during protracted withdrawal, and 

suggest that another explanation is needed for this behavior. 

 While withdrawal symptoms and anhedonia decrease as abstinence from the drug 

progresses, craving for the drug and drug-seeking behaviors tend to increase over time. This 

phenomenon, known as incubation of craving, was first characterized in rats trained to self-

administer cocaine (Grimm et al. 2001). It has since been reported in response to other drugs of 

abuse, including methamphetamine (Shepard et al. 2004, Krasnova et al. 2014) and non-drug 

rewards such as palatable foods (Krasnova et al. 2014) and sucrose (Grimm et al. 2005). In 

methamphetamine-dependent humans, cue-induced craving for methamphetamine increases as 
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a function of abstinence length, for up to 3 months (Wang et al. 2013). Incubation of craving is an 

attractive explanation for relapse during protracted withdrawal, and merits further mechanistic 

investigation. 

In rats, incubation of cocaine craving throughout the first month of withdrawal was 

associated with a significant increase in the number of cells in the nucleus accumbens core that 

were responsive to cocaine-paired cues (Hollander & Carelli 2007). Additionally, protein levels of 

brain-derived neurotrophic factor (BDNF) increase throughout cocaine abstinence in the ventral 

tegmental area, nucleus accumbens, and amygdala (Grimm et al. 2003). BDNF in the striatum is 

released in an activity-dependent manner from cortical and mesencephalic input neurons (Altar 

et al. 1997), and signaling at its endogenous receptor, TrkB, is necessary for the induction of long-

term potentiation at corticostriatal synapses (Jia et al. 2010). It is therefore possible that the 

observed increase in BDNF during drug withdrawal leads to the observed increase in cue-reactive 

cells in the nucleus accumbens by strengthening synapses associated with drug-paired cues. 

Indeed, significant increases in mRNA coding for TrkB and some glutamate receptor subunits 

were found in cells activated by a drug-paired cue following prolonged withdrawal from 

methamphetamine, and not in whole striatum extracts or in non-cue-reactive cells (Li et al. 2015). 

Interestingly, the cue-responsive cells showed a decrease in mRNA coding for GluA2, suggesting 

that the upregulation of glutamate receptors is specific for receptors lacking the GluA2 subunit (Li 

et al. 2015). These findings are consistent with previous work showing that GluA2-lacking 

receptors are upregulated following 45 days of withdrawal from cocaine, and that blockade of 

these receptors inhibits incubation of craving (Conrad et al. 2008). These GluA2-lacking receptors 

have greater conductance and increased calcium permeability compared to GluA2-containing 

receptors, rendering synapses with high expression of GluA2-lacking receptors stronger (Cull-

Candy et al. 2006, Isaac et al. 2007). Given these findings, it seems likely that increased BDNF-

TrkB signaling in the striatum during withdrawal contributes to incubation of craving by 
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upregulating GluR2-lacking receptor expression in corticostriatal synapses that are responsive to 

drug-paired cues. These cues thereby gain a disproportionate ability to motivate behavior which 

increases with length of abstinence. This mechanism is likely very important to relapse during 

protracted withdrawal. There are, however, limitations to this model, foremost among them the 

fact that incubation of craving is always tested by measuring drug-seeking behavior in response 

to cues. When surveyed, 47% of methamphetamine-dependent individuals reported that drug-

paired cues such as pipes or razors had little to no effect on their drug craving, and only 15% 

reported relapsing because of cravings (Newton et al. 2009). This raises questions about the 

validity of cue-invigorated drug-seeking behavior as a model of relapse in humans. Therefore, 

while there is strong evidence that craving for a drug increases throughout protracted withdrawal, 

this mechanism alone cannot explain relapse during protracted withdrawal. 

Methamphetamine and Behavioral Phenotypes 

 A strong predictor of treatment success in methamphetamine-dependent individuals is 

their tendency to act without thinking, a phenotype commonly termed “impulsivity” (Winhusen et 

al. 2013). Impulsivity is a complex construct made up of a variety of related measures, including 

inhibitory control, ability to wait, cognitive flexibility, and sensitivity to costs (Evenden 1999, 

Jentsch et al. 2014). Early experiments in delayed gratification showed that children who were 

able to wait longer for a preferred outcome (rather than terminate the waiting period early and 

receive a less valued outcome) grew up to be more academically and socially competent than 

their peers, and were more able to cope with frustration and stress a decade later (Mischel et al. 

1989). Children’s ability to wait when told not to engage with a visible reward was also correlated 

with scores on the Scholastic Aptitude Test in adolescence (Mischel et al. 1989). Additionally, 

impulsivity in methamphetamine-dependent humans is positively correlated with self-reported 

drug craving (Tziortzis et al. 2011). Control over impulses is a vital part of adaptive decision 
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making, and deficits in inhibitory control may lead to problematic reward-seeking behavior, 

including substance abuse. 

In humans, methamphetamine use is linked to a decreased ability to rapidly stop an 

ongoing motor response (Monterosso et al. 2005), and methamphetamine-dependent subjects 

score higher on the Barratt Impulsiveness Scale (version 11) (Lee et al. 2009). Additionally, 

methamphetamine-dependent subjects are more impulsive in their choices between immediate 

and delayed rewards (Ballard et al. 2015). These studies demonstrate a clear link between 

methamphetamine and impulsivity in humans, but it is not clear whether impulsivity is a risk factor 

of or consequence of drug abuse. There is evidence from longitudinal studies that impulsive 

sensation-seeking and behavioral disinhibition traits are predictive of the development of 

substance use disorders later in life (Sher et al. 2000, Tarter et al. 2003). Additionally, rats that 

show impulsive behavior prior to drug exposure tend to self-administer more cocaine when given 

the opportunity (Dalley et al. 2007). While these studies do not specifically address 

methamphetamine abuse, they do suggest that the deficits in inhibitory control observed in 

methamphetamine-dependent people may predate their substance use disorder.  

Interestingly, both stimulant abusers and their non-drug abusing siblings show deficits in 

motor-related inhibitory control (Ersche et al. 2012), suggesting a heritable or genetic component 

of impulsivity that increases susceptibility to substance abuse disorders. Indeed, a large meta-

analysis of 41 twin, family, and adoption studies found that similarities in impulsive responding 

within families were totally explained by heritable factors, with negligible contribution from shared 

environment (Bezdijian et al. 2011). A follow-up study using data from the Southern California 

Twin Project found genetic and non-shared environmental influences that were related to three 

major factors of impulsive responding through a shared impulsivity factor (Niv et al. 2012). This 

latent impulsivity factor was relatively stable when reassessed 2 years later, and 76% of the 

correlation between the two assessments was explained by shared genetic effects (Niv et al. 
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2012). This heritable component of impulsivity suggests a genetic or molecular underpinning for 

the trait. The dopamine D2 receptor has emerged as a likely candidate for this function. 

Methamphetamine-dependent subjects have lower availability of the D2-like receptors in the 

striatum than healthy controls (Volkow et al. 2001, Lee et al. 2009, Ballard et al. 2015), and low 

D2-like receptor availability is correlated with measures of impulsivity in humans (Lee et al. 2009, 

Ballard et al. 2015) and monkeys (Groman et al. 2011). In rats, D2-like receptor availability in the 

nucleus accumbens was significantly lower in highly impulsive rats than in less impulsive rats, 

further demonstrating a role for preexisting, heritable variation in D2-like receptor expression in 

impulsive behavior, and the development of substance abuse disorders (Dalley et al. 2007). 

In addition to the strong evidence that the personality trait of impulsivity and low D2-like 

receptor expression may serve as a risk factor for drug abuse, there is considerable evidence 

from controlled animal experiments that chronic methamphetamine use can lead to greater 

impulsivity and decreased D2 expression. Chronic experimenter-administered methamphetamine 

reduced striatal D2-like receptor availability in monkeys, and induced transient behavioral 

inflexibility (Groman et al. 2012). Similarly, exposure to methamphetamine induced deficits in 

reversal of a learned association in rats (Izquierdo et al. 2010, Kosheleff et al. 2012b), a task 

thought to measure impulsive behavior (Izquierdo & Jentsch 2012). It is therefore likely that 

impulsivity can serve as both a risk factor for and a consequence of methamphetamine abuse. 

Further, drug-induced impulsivity may linger beyond the acute withdrawal phase, and may play a 

role in promoting relapse behavior after prolonged abstinence. It is interesting to note that most 

of the studies on impulsivity and D2 expression after methamphetamine exposure have taken 

place after a withdrawal period or, in humans, after a history of drug use extending back years 

with unknown patterns of binges, withdrawals, and attempts at abstinence. It is therefore 

impossible to determine from these studies whether methamphetamine itself or withdrawal from 

methamphetamine is the causal element in downregulated D2 and dysfunctional decision making. 
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Methamphetamine and Society 

 The criminalization of drugs and the strict punitive laws of the so-called War on Drugs 

have formed the backbone of American drug policy for nearly half a century. The main effect of 

the War on Drugs has been a massive increase in drug-related incarcerations without a 

corresponding decrease in drug-related mortality or drug use (Caulkins & Chandler 2002, 

Calcaterra et al. 2013, Gonzales et al. 2010). Troublingly, incarceration itself may increase the 

risk of drug-related death. Upon release from prison, formerly incarcerated people in New York 

City were twice as likely as non-incarcerated people to die of drug-related causes, especially in 

the first two weeks following release (Lim et al. 2012). Additionally, a large international meta-

analysis found that the first two weeks following release from prison had a 3- to 8-fold higher risk 

of drug-related death compared to the subsequent 10 weeks (Merrall et al. 2010). The cause of 

this is unclear, but it may be attributed to the loss of tolerance to drug effects during incarceration, 

to celebratory bingeing behavior, or to some unknown effect of incarceration on drug-taking 

behavior. Regardless of the cause, it is clear that the transition from prison to everyday life is 

difficult and carries dangers which reduce quality of life and may drive relapse behavior. 

 In addition to the detrimental effects of incarceration, criminalization of drug use can lead 

to social and legal consequences outside of the criminal justice system. These can include 

isolation from children and families, loss of access to health and housing benefits, ineligibility for 

federal student aid, and severely limited opportunities for employment (Iguchi et al. 2002). Drug 

courts, which redirect nonviolent drug offenders away from prisons and toward treatment, have 

been somewhat effective at reducing incarceration by providing psychological, medical, social, 

and other support services. However, participation in drug court can often lead to sanctions 

outside of the criminal justice system, including loss of public housing, welfare, educational 

benefits, and voting rights (Cooper 2007). New approaches to the treatment of substance abuse 

are needed, and these approaches must be informed and supported by scientific perspectives. 
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To that end, it is important to understand the effects that drugs of abuse have on the brain, and 

how these effects contribute to the chronic, relapsing nature of substance use disorders. 

Overview 

 The problem of relapse in methamphetamine dependence is complex and likely involves 

contributions from a variety of factors, as discussed above. This dissertation will explore the 

relationships between these factors, and present evidence that methamphetamine exposure and 

withdrawal biases future reward-related behavior toward impulsive choices by interacting with a 

decision-making mechanism which evolved to facilitate adaptive foraging behavior in variable 

environments. First, the behavior of rats exposed to and withdrawn from methamphetamine will 

be assessed in a variety of tasks. These tasks all involve some form of cost/benefit decision 

making, and altered performance in the tasks suggests an alteration to the underlying neural 

cost/benefit system. The second chapter will propose a proximate neural mechanism underlying 

the observed behavior. Finally, the third chapter will discuss the adaptive significance of this 

mechanism. 

This dissertation will aim to answer the following three questions: 

Q1: How does exposure to and withdrawal from methamphetamine influence behavior to increase 

the risk of relapse during protracted withdrawal? 

Q2: What are the neural mechanisms underlying these changes? 

Q3: What is the adaptive or evolutionary value of traits which leave the brain vulnerable to this 

kind of alteration? 

The conclusion will aim to apply the lessons from these results to human disease, and will make 

recommendations based on the findings herein to improve treatments and public policy 

interventions. 
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Chapter 2: Impulsive Effortful Decision Making Following 

Methamphetamine Exposure and Withdrawal 

Abstract 

Exposure to methamphetamine can induce characteristic changes in decision making 

behavior that render animals more likely to prioritize short-term reward acquisition over long-term 

gains. This has been demonstrated in both intertemporal choice and risky decision making, yet 

the effect of methamphetamine exposure and withdrawal on effortful choice remains unknown. 

We therefore assessed behavior in a variety of tasks in which animals were allowed to self-titrate 

their effortful output. Our results indicate that animals treated with and withdrawn from 

methamphetamine are more willing to expend effort to obtain rewards when inaction is 

unrewarded, and that this occurs in the absence of an effect on general reward sensitivity as 

indexed by sucrose preference without differential effort costs. By contrast, we found that 

methamphetamine-pretreated animals were less willing to expend effort when presented with a 

choice between working for a preferred reward or consuming a freely available but less-preferred 

reward. This suggests that methamphetamine exposure is associated with steeper discounting of 

reward value by effort requirement, and suggests that impulsive effortful choice may interact with 

impulsive intertemporal choice and tolerance for risk to increase relapse vulnerability in protracted 

withdrawal from methamphetamine. 

Introduction 

 Treatment for substance abuse can be very effective in the short-term, but relapse 

remains a major problem for long-term treatment success (O’Brien 1997). This tendency toward 

relapse is due, in part, to long-lasting drug-induced changes in neural reward circuitry, and these 

changes can manifest in altered behavior toward non-drug rewards. This is likely due to the fact 

that the brain evaluates all reward options by converting them into a “common currency”, a 
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process which involves the orbitofrontal cortex and dopamine signaling in the striatum (Montague 

& Berns 2002, Lak et al. 2014). By acting directly on this system, methamphetamine can affect 

general reward-seeking behavior in addition to drug-related behavior. Because of this, much can 

be learned by comparing the performance of methamphetamine-treated subjects to that of healthy 

controls in decision-making tasks for non-drug rewards such as palatable foods or money. 

  One of the first experimental demonstrations of a methamphetamine-induced alteration 

in reward-related choice behavior was the observation that chronic methamphetamine treatment 

in rats reduced the value of a delayed reinforcer relative to an immediate but smaller one 

(Richards et al. 1999). The tendency to discount the value of a delayed reward is not by itself 

pathological, and there is considerable individual variation in discounting rate, a measure of self-

control. However, methamphetamine-dependent subjects consistently show higher discounting 

rates than healthy control subjects (Hoffman et al. 2006, Monterosso et al. 2006). This finding is 

robust and replicable, and seems to be a common feature among users of many types of drugs 

including opioids, nicotine, alcohol, and stimulants (reviewed in Bickel et al. 2012), though it is 

interestingly not found in users of marijuana (Johnson et al. 2010). Steep delay discounting has 

been associated with loss of control over drug taking behavior: many drug-dependent individuals 

express a preference for employment or social rewards over drug use, yet continue to take drugs 

despite the resulting exclusion from those activities. This is an example of a preference reversal, 

in which individuals fail to maintain commitment to a choice made when both options were 

temporally distant once the other option becomes more proximate (Bickel & Marsch 2001). 

Preference reversals are predicted by a hyperbolic discounting model, which suggests that the 

perceived value of a delayed reward stays relatively constant when the delay is long, but rapidly 

approaches the true value when the delay is short (Kirby 1997). Preference reversals and 

hyperbolic discounting have been empirically demonstrated in rodents and humans (Bickel & 

Marsch 2001). 
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Delay discounting and the tendency for drug users to choose the immediate high of drug 

use over the long-term benefits of sobriety may also be related to uncertainty about the delivery 

of the delayed reward. Indeed, discounting rate in humans is well-correlated with self-reported 

certainty ratings of outcome delivery, suggesting that participants were automatically attaching 

judgements about certainty to questions about delay (Patak & Reynolds 2007). Therefore steeper 

discounting in methamphetamine-dependent subjects may reflect increased sensitivity to risk and 

uncertainty. This hypothesis is not well supported by empirical evidence, as both acute (St. Onge 

& Floresco 2009) and chronic (Floresco & Whelan 2009) amphetamine exposure in rats increased 

choice of a risky option with a potentially higher payout over a smaller but certain option. 

Additionally, human polydrug users show a preference for the possibility of large short-term gains 

despite risking larger or long-term losses in the Iowa Gambling Task, suggesting that drug abuse 

does not render subjects unduly risk-averse (Grant et al. 2000, Bechara et al. 2001). Rather, this 

behavior is consistent with descriptions of impulsivity as a proclivity to engage in reward pursuit 

or consumption, especially when short-term reward acquisition is prioritized over long-term gains 

(Cardinal et al. 2001, Jentsch et al. 2014). While there is strong empirical evidence of a complex 

relationship between uncertainty and delay in intertemporal choice (Keren & Roelofsma 1995, 

Weber & Chapman 2005, Patak & Reynolds 2007), it is unlikely that steeper discounting of 

delayed reward in methamphetamine-dependent subjects is due to a preference for certainty. 

Instead, impulsive choice behavior in both tasks may be indicative of methamphetamine-induced 

alterations in an underlying cost/benefit decision making mechanism. 

If this is the case, we may expect to see impulsive behavior in other forms of cost/benefit 

decision making, including situations in which the cost associated with reward seeking is effort 

expenditure. Compared to delay and risk, the long-term effects of psychostimulants on effort-

related choice are relatively understudied. It has been shown that acute doses of amphetamine 

can increase choice of high-reward options with high effort costs in both humans and rats (Wardle 
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et al. 2011, Floresco et al. 2008), however, the effects of non-acute psychostimulant exposure 

are less clear. Some studies have found no effect of repeated amphetamine exposure on effortful 

choice (Floresco & Whelan 2009), while others have reported work aversion in rats 10-11 days 

following an experimenter-administered binge dose of methamphetamine (Kosheleff et al 2012a). 

Interestingly, in a 3-choice maze task in which rats were allowed to choose between climbing over 

a 30-cm barrier, a 20-cm barrier, or no barrier to acquire a large, medium, or small reward, 

respectively, treatment with an escalating regimen of methamphetamine induced a shift in 

preference away from the small, free reward toward the medium reward behind the 20-cm barrier 

(Stolyarova et al. 2015). The lack of a clear effect on this measure between tasks suggests that 

effortful choice is highly dependent on specific task demands such as fixed effort demands and 

reward magnitudes, and further parametric studies to assess the effects of methamphetamine on 

effortful choice behavior in tasks involving choice between two or more options. 

One way to systematically assess effortful choice behavior without forcing animals to 

make a binary (or trinary) choice between experimenter-defined options is to allow animals to self-

titrate their effort expenditure. For instance, voluntary wheel running has been proposed as a tool 

for investigating the rewarding properties of drugs of abuse in rodents (Novak et al. 2012). Rat 

strains that are more likely to self-administer drugs of abuse also engage in significantly more 

voluntary wheel running (Werme et al. 1999). Additionally, rats given unrestricted access to a 

running wheel escalated their activity in a manner similar to that seen in animals given the ability 

to self-administer psychostimulant drugs (Lattanzio & Eikelboom 2003), and rats that engaged in 

more voluntary wheel running behavior also showed a higher responsivity to amphetamine 

(Ferreira et al. 2006). These parallels between psychostimulant abuse and wheel running suggest 

that there are important similarities in the underlying decision-making mechanisms, and indicate 

that voluntary wheel running may be a useful tool to assess interactions between 

methamphetamine exposure and subsequent reward-related effort expenditure. 
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Another task design which can be used to assess reward-related decision making by 

allowing an animal to self-titrate its effort expenditure is the progressive ratio schedule. In these 

tasks, animals are allowed to earn rewards by pressing on a lever, but the number of lever presses 

required to earn a reward increases progressively throughout the session. Thus, animals must 

continually reevaluate the reward in light of changing effort requirements, and changes in lever-

pressing denote changes in this valuation process. There is evidence for a biphasic effect of 

amphetamine withdrawal on progressive ratio responding for non-drug rewards in rodents: lever 

pressing for a 4% sucrose solution is reduced in the first 1-3 days following the end of 

amphetamine administration (Barr & Phillips 1999), and lever pressing for grain-based food 

pellets is increased 15 days after cessation of amphetamine treatment (Olausson et al. 2006). 

This is consistent with human reports of methamphetamine withdrawal, as the early phase is 

characterized by lethargy, anhedonia, and fatigue, while hyperphagia and carbohydrate craving 

remain elevated long after the acute withdrawal phase has ended (McGregor et al. 2005). 

Altered wheel running and behavior in food-reinforced progressive ratio tasks, however, 

are unable to distinguish between impulsive reward-seeking and increased general reward 

sensitivity, as effortful output is expected to be increased by both. To assess this, a modification 

to the standard progressive ratio task may be employed. The addition of a freely available, less 

valued reinforcer to the task environment alters effortful choice behavior by providing the animal 

a choice between consuming a less valuable, but easier to acquire reward and working for a 

better, but harder to acquire reward. This structure parallels tests of impulsive behavior in delay-

related decision making, and the progressive nature of the task ensures that the animal repeatedly 

makes decisions between the two reward options throughout the session (Randall et al. 2012). 

Under these conditions, rats tend to vigorously press the lever at the beginning of the session, 

then switch to chow consumption once the effort requirement has increased, and spend the 

remainder of the session alternating between pressing the lever and eating chow. Thus, impulsive 
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behavior in this task can be characterized by earlier switching from lever pressing to chow, while 

rats with increased reward sensitivity are more likely to be tolerant to increasing effort costs. 

We therefore set out to assess reward valuation and effortful choice behavior in protracted 

withdrawal from methamphetamine. Wheel running behavior, sucrose preference, and behavior 

in the progressive ratio/chow choice task were assessed. 

Methods  

Subjects. Male Long-Evans rats (Charles River Laboratories, Raleigh, NC) weighing 

between 250-300 g and at postnatal day (PND) 70 at the beginning of the study were maintained 

under a 12-hr light/12-hr dark cycle (lights on 6:00-18:00) under temperature- and humidity-

controlled conditions. Food and water were available ad libitum prior to the inception of behavioral 

testing. After arrival in the facility, animals were left undisturbed for 3 days to acclimate to the 

vivarium, then handled by experimenters over the next 5 days for a minimum of 10 minutes per 

day. During acclimation, handling, and methamphetamine pre-exposure, rats were pair-housed; 

each methamphetamine-treated rat was housed with a saline-treated rat to minimize aggression. 

Rats were separated on the morning after the final day of drug pretreatment, and remained singly-

housed for the remainder of the experiment. All experiments were performed in accordance with 

the United States National Institutes of Health Guide for the Care and Use of Laboratory Animals 

(National Institutes of Health 1978) and were approved by the University of California at Los 

Angeles, Chancellor’s Animal Research Committee.  

Drug Treatment. Rats were treated with d-methamphetamine hydrochloride using a 

subchronic escalating regimen which is protective against dopamine neurotoxicity following 

subsequent binge exposure (Segal et al., 2003). In Experiments 1 and 2, rats were given three 

daily injections (separated by 3.25 hours) of d-methamphetamine (“mAMPH”, n=19; 0.1-6.0 mg 

free base/kg, s.c., escalating in 0.1 mg/kg increments up to 2.1 mg/kg, then in 0.2 mg/kg 
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increments from 2.1 mg/kg to 6.0 mg/kg) or physiological saline solution (“Sal”, n=20; 1 ml/kg, 

s.c.) for two weeks. Due to the death of several rats treated with this regimen, rats in experiment 

3 were given three daily injections (separated by 3.25 hours) of mAMPH (n=10; 0.1-4.0 mg free 

base/kg, s.c., escalating in 0.1 mg/kg increments) or physiological saline solution (n=10, 1 ml/kg, 

s.c.). The experimental timeline is shown in Figure 2-1.  

Figure 2-1. Experimental Timeline. Rats arrived at postnatal day (PND) 70. Following handling, pretreatment, 
and withdrawal, rats began experimental testing. Rats in Experiment 1 were given unrestricted access to a running 
wheel, rats in Experiment 2 were subjected to sucrose preference testing, and rats in Experiment 3 underwent the 
progressive ratio choice task. 
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Experiment 1: Voluntary Wheel Running. 

Running Wheel Access. Following methamphetamine treatment, a subset of rats (n=15) 

were individually housed in cages equipped with running wheels with radius = 0.175 m for 6 

weeks. Wheel revolutions and running distance were recorded in 1 hour bins digitally using an 

optical counter and Lafayette Activity Wheel Monitor (AWM) Software. Rats were left undisturbed 

during this period with the exception of cage changes which occurred twice per week, midway 

through the inactive phase. 

Data Analysis. The Prism software package (Graphpad Software, Inc., Version 7.0) was 

used for analysis. Voluntary running data, daily distance and hourly running distance were 

analyzed using repeated-measures ANOVAs (rmANOVA) with treatment group as a between 

subject factor. Where significant day*treatment group interaction was observed, post hoc 

independent samples t-tests were conducted for each day. Where significant hour*treatment 

group interaction was observed, post hoc independent sample t-tests were conducted for each 

hour. Cumulative running data were analyzed using independent samples t-tests. 

Experiment 2: Sucrose Preference Test. 

Testing began 7 days after the final injection of methamphetamine. Water bottles were 

removed from the home cages of a subset of rats (n=24) for 8 hours during the inactive phase. At 

the onset of the active phase, two pre-weighed bottles were placed on each cage along with 

several food pellets. Bottle 2 always contained drinking water, and the contents of Bottle 1 varied 

according to the schedule shown in Table 1-1 (modified from Pothion et al. 2004). To prevent 

formation of a side bias, the locations of the two bottles were alternated every 2 days such that 

Bottle 1 was always in a different location each time that it contained sucrose. Bottles were left 

on the cages for 30 minutes then carefully removed and weighed. Pre-post differences in weight 

were calculated for each bottle, and a preference score was determined by dividing the amount 

of fluid consumed from Bottle 1 by the total volume of fluid consumed from both bottles.  
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Data Analysis. The Prism software package (Graphpad Software, Inc., Version 7.0) was 

used for data analysis. Repeated measures ANOVA with pretreatment as a between-subjects 

factor was used to examine differences in sucrose preference across escalating concentrations.  

Experiment 3: Progressive Ratio Choice Task. 

Food Restriction. Five days after the final injection of methamphetamine, the amount of 

food given to each rat was reduced to 18 grams/day, and rats were given ~60 sucrose pellets 

(45-mg dustless precision sucrose pellets; Bio-Serv, Frenchtown NJ) to acclimate them to the 

DAY BOTTLE 1 CONTENTS BOTTLE 1 LOCATION 

1 Drinking Water Left 

2 Drinking Water Left 

3 Drinking Water Right 

4 1% Sucrose Right 

5 Drinking Water Left 

6 2% Sucrose Left 

7 Drinking Water Right 

8 4% Sucrose Right 

9 Drinking Water Left 

10 8% Sucrose Left 

11 Drinking Water Right 

12 16% Sucrose Right 

13 Drinking Water Left 

14 32% Sucrose Left 

Table 2-1. Schedule for Sucrose Preference Test. During the sucrose preference test, rats were given a choice 
between two bottles. Bottle 2 always contained drinking water, and the contents of Bottle 1 varied according to this 
schedule. Additionally, bottles were placed on alternating sides of the cage every two days to prevent the formation 
of a side bias. 
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food rewards. Behavioral testing began 2 days later. Throughout pretraining rats were maintained 

on 18 grams of lab chow per day. Once rats were advanced to the progressive ratio phase of 

training, they were given 20 grams of chow per day to maintain a healthy body weight. Finally, 

rats performing the choice task were given 25 grams of food per day. Food was always given 

between 2-3 hours after behavioral testing had concluded to prevent rats from associating the 

termination of testing with immediate chow availability. 

Behavioral Testing Apparatus. Training and testing for this experiment were conducted 

in automated chambers fitted with a house light, a food-delivery magazine in which sucrose pellets 

were delivered, and a retractable lever positioned on the chamber wall opposite the magazine. 

Chambers were enclosed in sound-attenuating boxes and were controlled by a PC running Med-

PC IV (Med-Associates, St. Albans, VT). Each time a pellet was earned the lever was retracted 

for 5 seconds before being presented again. 

Progressive Ratio Training. On the first day of behavioral testing, rats were placed into 

the operant chambers with the house light on and 5 sucrose pellets were dropped into the 

magazine. The rats were left in the boxes for 15 minutes, at which point they were removed. If a 

rat had eaten all five pellets during that time they were allowed to advance to the next stage. If 

not, habituation was repeated daily until all the pellets were eaten. In the next stage of training, 

rats were trained to press the lever on a fixed ratio schedule in which each lever response was 

reinforced with one sucrose pellet. Once an animal acquired 30 pellets within 30 minutes, it was 

shifted to the progressive ratio phase. In this stage, the required number of presses increased 

according to the formula ni=5e(i/5)-5, where ni is equal to the number of presses required on the 

ith ratio, after 5 successive schedule completions. Training continued until a rat had earned 50 

pellets within 30 minutes or 6 sessions had passed, at which point a ceramic ramekin containing 

18 grams of lab chow was introduced (modified from Randall et al. 2012). Rats were advanced 

individually to each stage based on performance. Rats were free to choose between consuming 
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freely available but less preferred chow or lever pressing for preferred sucrose pellets. The 

ramekin was located near the magazine in the opposite corner of box from the lever to ensure 

that the two activities were mutually exclusive. After every 30 minute testing session, the number 

of presses, the number of reinforcers, the highest ratio achieved and the amount of chow 

remaining (including chow dropped through the bars and collected in a tray) were recorded. Lever 

pressing behavior was allowed to stabilize for a week prior to behavioral or pharmacologic 

manipulations. Stable performance was defined as four consecutive days with less than 20% 

deviation in lever presses from the average of those 4 days. 

Sucrose Pellet Devaluation. Once lever pressing behavior had stabilized, animals 

underwent a specific outcome devaluation task. Rats were given 30 minutes of unrestricted 

sucrose pellet availability in their home cages immediately prior to behavioral testing to assess 

the effect of incentive state on effortful output. 

Systemic CGS 21680 Administration. Since similar tasks have been shown to be 

sensitive to systemic injection of A2A receptor agonists and antagonists (Mingote et al. 2008, 

Randall et al. 2012), a subset (n=16) of rats were injected intraperitoneally with vehicle (5% 

DMSO) or the selective A2A agonist CGS 21680 (Bio-Techne, Abingdon, U.K.; 0.05 mg/kg and 

0.1 mg/kg) immediately prior to behavioral testing on 3 days separated by 2-day washout periods. 

Free Choice Control. Following all behavioral and pharmacologic manipulations, rats 

were given 30 minutes of free access to pre-weighed amounts of either sucrose pellets or lab 

chow (~18g each) in standard shoebox cages. Following the 30 minutes, leftover food was 

collected and weighed to determine animals’ food preferences when differential effort 

requirements were eliminated. 

Data Analysis. The number of lever presses and the grams of chow consumed were 

analyzed as dependent measures. Between-group differences in stable baseline performance 
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were analyzed with unpaired t-tests. The effects of chow introduction, outcome devaluation, and 

CGS 21680 administration were analyzed with two-way repeated measures ANOVA. The free 

choice control was analyzed by two-way ANOVA. When significant interactions were detected, 

Bonferroni-corrected post-hoc tests are reported. 

Results 

Experiment 1: Voluntary Wheel Running. 

Daily Totals. Daily running distance data were subjected to rmANOVA with day as a 

within- and pretreatment group as a between-subject factor. A rmANOVA detected significant 

main effect of day [F(41,533)=15.51, p<0.0001], significant main effect of pretreatment group 

Figure 2-2. Voluntary Wheel Running – Daily. Rats pretreated with methamphetamine (n = 15) ran significantly 
greater distances each day than their saline-pretreated counterparts (n = 16). This difference lasted at least six 
weeks after cessation of drug treatment. By the end of the six week running period, methamphetamine-treated rats 
had accumulated an average of 219 km more than saline-treated animals (inset). 
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[F(1,13)=18.79, p<0.001], and a significant day by pretreatment group interaction 

[F(41,533)=4.35, p<0.0001]. Post hoc comparisons further revealed a significant simple main 

effect of pretreatment group at most time points analyzed (p<0.05), after day 8, with 

methamphetamine-treated animals running more than controls (Figure 2-2). Between-group 

differences in cumulative running by the end of the 6-week period were analyzed with an 

independent samples t-test. Methamphetamine-pretreated animals cumulatively ran a 

significantly greater distance compared to saline treated animals [t(13)=4.334, p<0.001]. 

 Time of Day. Hourly running data were collapsed across all days and analyzed using 

rmANOVA with time of the day as a within- and pretreatment group as a between-subject factor 

(Figure 2.3). To simplify analysis, zeitgeber time (ZT) was used which standardized the onset of 

the inactive phase as ZT0. A significant main effect of time [F(23,299)=45.82, p<0.0001], 

pretreatment group [F(1,13)=17.55, p<0.01]  and a time*pretreatment group interaction 

Figure 2-3. Voluntary Wheel Running – Hourly. The distance run in each hour was averaged across all days. 
Most of the running by the methamphetamine-pretreated rats occurred during the first 4 hours of the dark phase, 
while the saline-pretreated rats distributed their running evenly throughout the night. This pattern is indicative of a 
binge-like pattern of wheel running behavior. 
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[F(23,299)=13.59, p<0.0001] were observed. Post hoc analyses revealed a significant simple 

main effect of time with all animals increasing their running after ZT12 (p<0.05) and maintained 

throughout the dark phase (p<0.01). Significant simple main effects of pretreatment group have 

also been observed with the methamphetamine-pretreated group increasing their running 

significantly more than controls at ZT13-ZT23 (p<0.05). 

Experiment 2: Sucrose Preference Test. 

Total Consumption. Total fluid consumption significantly increased throughout the test 

[F(13,273)=16.81, p<0.0001], but no main effect of pretreatment [F(1,21)=0.09, p=0.7674] or day 

by pretreatment interaction [F(13,273)=1.094, p=0.3637] was observed (Figure 2-4a).  

 

Sucrose Preference. Sucrose preference score was determined by dividing the fluid 

consumed from the sucrose bottle by the total amount of fluid consumed and multiplying by 100. 

Sucrose preference significantly increased with increasing sucrose concentration 

Figure 2-4. Sucrose Preference Test. (a) Total fluid consumption increased when sucrose was present in one of 
the two bottles, but no differences in total consumption were observed between saline- and mAMPH-pretreated 
rats. Numbers on the x-axis represent sucrose concentration. (b) Sucrose preference increased with higher 
concentrations of sucrose, but saline- and mAMPH-pretreated rats did not differ in sucrose preference. The lack of 
a pretreatment effect on this measure suggests that general reward sensitivity is unaffected by pretreatment with 
methamphetamine. 
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[F(5,105)=5.301, p<0.001], but no main effect of pretreatment [F(1,21)=0.3212, p=0.5769] nor 

concentration by pretreatment interaction [F(5,105)=0.7004, p=0.6243] was found (Figure 2-4b). 

Experiment 3: Effortful Choice Task. 

Chow/Choice Introduction. Lever presses on the day before chow introduction and the 

first day of choice availability were analyzed. Rats significantly reduced their lever pressing in the 

presence of chow [F(1,18)=79.28, p<0.0001], but no main effect of pretreatment [F(1,18)=0.2695, 

p=0.61] or chow presence by pretreatment interaction [F(1,18)=0.02306, p=0.881] were detected. 

The introduction of freely available chow caused a dramatic reduction in lever pressing behavior. 

This is an indication that the availability of a free option diverted behavior away from the preferred 

but effortful reward, and is suggestive of a decision-making process during the task. 

Stable Choice Performance. After performance had stabilized following the introduction 

of chow (5-9 d of choice procedure), an unpaired t-test revealed that rats pretreated with mAMPH 

pressed the lever significantly fewer times per session than rats pretreated with saline 

[t(18)=2.888, p<0.01] (Figure 2-5a). There was no significant difference between mAMPH-

pretreated and saline-pretreated rats on chow consumption at stable performance [t(18)=0.3786, 

p=0.7094] (Figure 2-5b).  

 
Figure 2-5. Stable Choice Performance. (a) In the effortful choice task in which animals were required to choose 
between exerting effort for a preferred outcome or consuming freely available chow, mAMPH-pretreated animals 
were significantly less willing to exert effort (p<0.01), but (b) chow consumption was equivalent between 
pretreatment conditions (p=0.7094). 
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Sucrose Pellet Devaluation. Following stabilization of choice performance rats were 

subjected to an outcome devaluation protocol. Two-way repeated measures ANOVA of lever 

pressing revealed a significant main effect of devaluation [F(1,18)=106.8, p<0.0001] and of 

pretreatment [F(1,18)=7.366, p<0.05], as well as a significant devaluation by pretreatment 

interaction [F(1,18)=5.853, p<0.05]. Bonferroni-corrected post-hoc tests revealed a significant 

decrease in lever presses between the day before devaluation and the day of devaluation for both 

the saline-pretreated [t(18)=9.018] and mAMPH-pretreated [t(18)=5.597] groups (Figure 2-6a). 

Repeated measures ANOVA of chow consumption revealed a significant main effect of 

devaluation [F(1,18)=16.38, p<0.001], but no main effect of pretreatment [F(1,18)=0.6463, 

p=0.4319]. There was a trend toward a devaluation by pretreatment interaction [F(1,18)=3.865, 

p=0.0649] (Figure 2-6b). 

 

Systemic CGS 21680. One rat from each pretreatment group was diverted from this study 

after sucrose pellet devaluation. The remainder (n=9) were given 3 injections of 5% DMSO 

containing 3 different doses of the A2A agonist CGS 21680 (0, 0.05, and 0.1 mg/kg, i.p.). 

Repeated measures ANOVA of lever pressing revealed a significant main effect of CGS 21680 

dose [F(2,28)=43.87, p<0.0001], but no main effect of pretreatment [F(1,14)=2.087, p=0.1706] 

nor a dose by pretreatment interaction [F(2,28)=1.913, p=0.1665] (Figure 2-7a). A repeated 

Figure 2-6. Devaluation. (a) All animals decreased their lever pressing in response to sucrose pellet devaluation 
(p<0.001), and (b) also decreased their chow consumption (p<0.001). There was a trend toward a pretreatment by 
devaluation interaction (p=0.0649) suggesting that mAMPH-pretreated animals may be more likely to generalize 
devaluation to the non-devalued outcome, possibly indicating that mAMPH-pretreated animals reach satiety more 
quickly than saline-pretreated animals. 
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measures ANOVA of chow consumption revealed a similar pattern of effects: a significant main 

effect of CGS 21680 dose [F(2,28)=4.065, p<0.05], with no main effect of pretreatment 

[F(1,14)=3.027, p=0.1038] or dose by pretreatment interaction [F(2,28)=0.6532, p=0.5281] 

(Figure 2-7b). 

 

Free Choice Control. Following a 3 day washout period from CGS 21680 treatment, rats 

were given a choice between freely available chow and freely available sucrose pellets. Two way 

ANOVA revealed a significant main effect of food type on consumption behavior [F(1,28)=10.61, 

p<0.01], such that all animals preferred sucrose pellets over chow when effort requirements were 

equalized. There was no main effect of pretreatment [F(1,28)=1.987, p=0.1696] or food type by 

pretreatment interaction [F(1,28)=0.1658, p=0.6869] (Figure 2-8). 

Figure 2-7. Systemic CGS 21680 Administration. (a) There was a significant main effect of systemic CGS 21680 
dose on lever pressing (p<0.0001), and (b) systemic CGS 21680 also caused a significant reduction in chow 
consumption (p<0.05), suggesting a general effect on motivation or sedation. This is consistent with previous 
studies showing the effect of systemic CGS 21680 in a similar task, supporting the validity of the current task as a 
model of effortful choice behavior. 
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Discussion 

 Long-lasting changes in effortful choice behavior were observed following withdrawal from 

methamphetamine. Consistent with previous reports, animals pretreated with methamphetamine 

were more willing to expend effort for reward when the alternative was unrewarded inaction. 

However, methamphetamine pretreatment biased behavior away from a preferred option when 

effort was required to obtain it and a less preferred option was available. These changes cannot 

be attributed to methamphetamine-induced differences in general reward sensitivity, as all 

animals preferred to consume sucrose over an alternative when effort requirements were 

equalized. 

 Voluntary running activity is enhanced during protracted methamphetamine 

withdrawal. Following a short acquisition period, rats pretreated with methamphetamine 

consistently engaged in more voluntary running behavior than rats pretreated with saline. This 

effect lasted throughout the 6-week duration of the study, suggesting that it reflects a long-lasting 

alteration in decision making induced by methamphetamine exposure. Exercise is a self-

reinforcing operant behavior (Novak et al. 2012), therefore the increased wheel running behavior 

observed in methamphetamine-pretreated animals likely reflects increased willingness to expend 

Figure 2-8. Free Choice Control. Saline- and mAMPH-pretreated rats did not differ in their preference for sucrose 
pellets over chow when both were freely available. All animals preferred to eat the freely available chow (p<0.01). 
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effort for reward. This is consistent with a previous report on effort expenditure in withdrawal from 

chronic amphetamine (Olausson et al. 2006), however the nature of the alteration in cost/benefit 

decision making mechanisms is difficult to determine from these studies. In the present work and 

in the progressive ratio task employed by Olausson et al. (2006), the effortful activity of interest is 

the only opportunity for reward available to the animal. Thus, increased effortful output in these 

tasks may reflect general reward hypersensitivity rather than altered effortful choice behavior. 

Notably, lab chow was available at all times to rats in the present study, but their food intake was 

unrestricted so chow is expected to be devalued as a reward source. Interestingly, 

methamphetamine-pretreated rats began running shortly after the lights turned off, and 

maintained high levels of running during the first 4-5 hours of the dark phase before running 

activity diminished toward the end of the dark phase. This binge-like pattern of running may be 

due to animals foregoing eating and drinking early in the dark phase in favor of running, until 

hunger and thirst become salient enough to increase the incentive value of food and water above 

the value of running. By contrast, saline-pretreated rats distributed their running relatively equally 

throughout the dark phase, presumably as they divide their time between available reward 

sources. These studies suggest an increased willingness to expend effort for reward in protracted 

methamphetamine withdrawal, but only when the effortful option is the only salient reward source 

available. 

Increased willingness to expend effort for reward in methamphetamine withdrawal is also 

observed when more options are explicitly available (Stolyarova et al. 2015). Methamphetamine-

treated and withdrawn animals shifted their choice preference away from a free, small reward 

toward a slightly larger reward that required climbing over a barrier. However, interpretation of 

this result is complicated somewhat by the lack of a shift in preference for the largest reward 

behind the largest barrier. If methamphetamine resulted in an increased willingness to expend 

effort for reward, animals would be expected to prefer the largest reward available and should 
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disregard the barrier height. The shift from the low effort/reward arm to the medium effort/reward 

arm suggests a competition between increased reward sensitivity and decreased tolerance for 

cost, with animals settling on the slightly larger reward that is only slightly harder to acquire. This 

behavior is similar to impulsive behavior in intertemporal choice, in which methamphetamine-

dependent subjects tend to settle for smaller-sooner rewards over larger-later rewards (Bickel et 

al. 2012), and suggests that altered effortful choice behavior following methamphetamine 

exposure and withdrawal may be partially due to impulsivity. 

Reward sensitivity is unaltered in methamphetamine withdrawal in the absence of 

different effort requirements. Since the previous results could be explained by alterations in 

general reward sensitivity, it was important to assess hedonic tone in protracted withdrawal. Acute 

withdrawal from methamphetamine is associated with anhedonia in rodents (Jang et al. 2013) 

and humans (McGregor et al. 2005), and has been hypothesized to drive relapse in protracted 

withdrawal (Koob & LeMoal 2001). However, there were no differences observed between 

methamphetamine- and saline-pretreated rats in sucrose preference from 7-21 days following 

cessation of drug treatment, whether sucrose was delivered in liquid or pellet form. This result is 

somewhat surprising, as lack of sucrose preference has been observed in mice 7 days after 

methamphetamine exposure (Ren et al. 2015). However, there were major methodological 

differences between that study and the present work; notably, only one sucrose concentration 

was used (1%) in Ren et al. (2015), and mice had free access to it for 24 hours prior to the test 

day. Though consumption during this habituation period was not reported, lack of sucrose 

preference in mAMPH-pretreated mice during the 1-hour preference test may reflect an enhanced 

devaluation effect rather than anhedonia. 

By contrast, our present work shows no effect of mAMPH pretreatment on sucrose 

preference across a range of sucrose concentrations and in solid form. Similarly, no difference in 

preference for the high reward arm was seen between methamphetamine- and saline-pretreated 
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animals when barriers were removed in a maze task (Kosheleff et al. 2012). These findings 

indicate that the anhedonia present during early withdrawal in rodents does not persist beyond 

the acute phase of withdrawal. Furthermore, this result shows that alterations in hedonic tone or 

general reward sensitivity cannot explain increased effortful output for rewards in protracted 

withdrawal. 

Rats in protracted methamphetamine withdrawal exert less effort for a preferred 

reward when a less-preferred reward is freely available. In contrast to the behavior observed 

when only one reinforcer was available, methamphetamine-pretreated rats that were forced to 

choose between eating freely available but less preferred lab chow and exerting effort for a 

preferred food reward tended to exert less effort than saline-pretreated animals. The progressive 

nature of this task, in which effort requirements for the preferred option steadily increased 

throughout the session, allows animals to self-titrate their effortful output and forces the animal to 

continually make decisions between the two options. All animals choose to work for the preferred 

reinforcer at the beginning of the session, then become more likely to choose the chow as 

increasing effort cost discounts the value of the reinforcer. Once the value of the preferred 

reinforcer and its associated effort cost is roughly equal to the value of the free chow, the animal 

reaches an “indifference point”, and spends the remainder of the session alternating between low 

levels of lever pressing and chow consumption. Lower lever pressing in methamphetamine-

treated animals is therefore indicative of greater discounting of reward value as a function of effort 

requirement, the same pattern deemed “impulsive” in intertemporal choice. It is important to note 

that this task necessarily conflates delay and effort, as the effortful option takes longer to acquire 

than the free option. However, the effects of amphetamine and related manipulations on effort 

discounting are also observed when equivalent delays are introduced for the low effort option, 

suggesting that the effect seen here on effort discounting would persist if delays were equilibrated 

(Floresco et al. 2008, Ghods-Sharifi et al. 2009). 
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Importantly, methamphetamine exposure and withdrawal did not induce a shift away from 

chow consumption in this task. This is consistent with previous literature using a variant of this 

task, in which pharmacologic manipulations that affected lever pressing left chow consumption 

unchanged (Randall et al. 2012). This is likely due to the fact that once animals reach the 

indifference point, they continue to consume chow and press the lever at a low rate, resulting in 

a ceiling effect on chow intake. Indeed, animals given 30 minutes to freely consume lab chow 

rarely consumed more than 8 grams, even without a competing reinforcer (Randall et al. 2010). 

By contrast, pre-feeding with laboratory chow has been shown to reduce both chow consumption 

and lever pressing in a variant of this task (Randall et al. 2012), and the present work expands 

this to show that the task is also sensitive to devaluation of the preferred outcome. When animals 

are given 30 minutes of unlimited access to sucrose pellets prior to the test, both lever pressing 

and chow consumption are reduced. There is a trend toward an interaction between pretreatment 

and devaluation on chow consumption, suggesting that chow consumption in saline-pretreated 

animals may be less affected by sucrose devaluation. This may suggest differences in satiety 

during the pre-feeding procedure, such that methamphetamine-pretreated animals are more 

susceptible to general satiety while saline-treated animals are more outcome-specific in their 

satiety. 

A variant of this task has also been shown to be sensitive to systemic administration of 

the A2A antagonist MSX-3 (Randall et al. 2012). A similar task which used a fixed ratio 5 schedule 

of reinforcement rather than a progressive ratio was found to be sensitive to the A2A agonist CGS 

21680 (Mingote et al. 2008), though the drug reduced both lever pressing and chow intake. We 

show that systemic CGS 21680 decreased both lever pressing and chow intake in the current 

task, which serves as a validation of these findings. Because systemic CGS 21680 reduced both 

lever pressing and chow consumption in a similar manner to prefeeding, it is likely that this effect 

is mediated by general motivation or sedation, rather than a specific alteration to cost/benefit 
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decision making. By contrast, methamphetamine pre-exposure specifically affected the 

indifference point, leaving general motivation intact. 

Effortful choice is a complex construct, involving sensitivity to rewards, tolerance for costs, 

availability of options, and motivational state. Here we show that methamphetamine exposure 

and withdrawal can bias effortful choice behavior in a way that is consistent with impulsivity. That 

is, without having an effect on general reward sensitivity, methamphetamine increases tolerance 

for effort cost when only one reward source is present, but decreases tolerance for effort cost 

when a free option is available. Importantly, this behavior is clear only when animals are able to 

self-titrate their effortful output, likely because of differences in specific task parameters such as 

barrier heights and reward magnitude that complicate interpretation. 

Changes in effort allocation for rewards relate to relapse vulnerability in protracted 

withdrawal from methamphetamine. Drug abuse can be conceptualized as a disorder of aberrant 

effort allocation toward acquisition of a drug, despite associated costs and at the expense of other 

reward sources. Similarly, maintaining sobriety following detoxification requires effort, and this 

effort cost may discount the value of sobriety. If methamphetamine exposure and withdrawal can 

lead to steeper discounting of effortful rewards, the value of a relatively easy-to-acquire high may 

be greater than the value of working hard to maintain sobriety. Thus impulsive effortful choice 

likely interacts with steep delay discounting and risky decision-making to increase relapse 

vulnerability in protracted methamphetamine withdrawal. 
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Chapter 3: Neural Mechanisms of Impulsive Choice in Protracted 

Methamphetamine Withdrawal 

Abstract 

 Impulsive behavior can be a risk factor for and a consequence of methamphetamine use, 

however the neural underpinnings of impulse control deficits are not well understood. Low 

availability of the dopamine D2 receptor has been observed in human methamphetamine users, 

and exposure to methamphetamine can decrease D2 in the absence of preexisting differences. 

Similarly, low D2 availability has been linked to impulsive behavior both in drug-naïve animals 

and following exposure to methamphetamine. These findings suggest that the D2 system 

represents a neural substrate of impulse control, however the precise nature of the relationships 

between D2, methamphetamine exposure, and inhibitory control remain unclear. We therefore 

set out to investigate the timecourse of D2 changes after methamphetamine, focusing on 

differences in D2 expression immediately after a chronic regimen of the drug and following 6 

weeks of withdrawal. We found that Drd2 mRNA was depleted by methamphetamine in the 

striatum, and that the experience of withdrawal further reduced Drd2 transcription. Interestingly, 

we found that D2 expression was elevated immediately after chronic methamphetamine 

exposure, and that withdrawal was necessary for D2 downregulation. We then tested the effect 

of pharmacologic activation of D2-expressing medium spiny neurons in an effortful choice task 

and found that it mimicked the effect of methamphetamine exposure and withdrawal. We interpret 

this as evidence that overactivity in D2-expressing medium spiny neurons may underlie inhibitory 

control deficits in protracted methamphetamine withdrawal. 

Introduction 

 The neural mechanisms underlying impulsivity both generally and as a consequence of 

drug use have been the subject of much research. The notion of a locus within the brain with the 
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function of impulse control was made popular by the oft-cited case of Phineas Gage (Harlow 

1868). Following a lesion to the left orbitofrontal and prefrontal cortex (Ratiu et al. 2004), Gage 

underwent a dramatic change in personality, described as “the destruction of the balance between 

his intellectual faculties and his animal propensities” which resulted in Gage becoming “fitful, 

irreverent, grossly profane, showing little deference for his fellows, impatient of restraint or advice 

that conflicted with his desires, obstinate yet capricious and vacillating, devising many plans and 

abandoning them, and a child in his intellectual capacity with the animal passions of a strong man” 

(Macmillan 2000). Many of these descriptions fit squarely within the definition of impulsivity, 

leading many to the conclusion that the prefrontal cortex, especially the orbitofrontal regions, bore 

the responsibility to inhibit reward-seeking impulses originating elsewhere in the brain (Miller & 

Cohen 2001, Aron et al. 2004, Aron 2007, Goghari & MacDonald 2009). Under this hypothesis, 

cognitive and inhibitory control deficits in substance use disorders are thought to be due to drug-

induced “hypofrontality” and failure to inhibit drug-seeking behaviors driven by striatal dopamine 

signaling (Jentsch & Taylor 1999, Kalivas et al. 2005, Volkow et al. 2011). Indeed, decreased 

activity in the orbitofrontal cortex has been reported in users of methamphetamine both at rest 

(Volkow et al. 2001), and while performing a task requiring cognitive control (Nestor et al. 2011), 

lending support to this hypothesis. 

This widely-accepted notion of inhibitory control as a conflict between so-called animal 

urges and higher-order reasoning abilities recalls Paul MacLean’s description of a triune brain in 

conflict with itself (MacLean 1977). MacLean hypothesized that the role of the striatum and 

brainstem (which he grouped together and named the “reptilian formation”) was to ensure survival 

and pursue reward at all costs, while the neocortex, especially the prefrontal cortex in humans, 

tempered this behavior. This proposal is, of course, preposterous, and is at odds with evolutionary 

theory, neuroanatomy, and behavior. Animals that lack a prefrontal cortex entirely such as spiders 

(Liedtke & Schneider 2014), honeybees (Mota & Giurfa 2010), birds (Bond et al. 2007), and lizards 
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(Gaalema 2011) are able to perform tasks of impulse control and cognitive flexibility, suggesting 

that the neural circuitry underlying these abilities is not unique to mammals possessing a 

neocortex. While this does not preclude a role for the prefrontal cortex in response inhibition, there 

is emerging evidence that this role is indirect through the generation and maintenance of value 

representations rather than through direct inhibition of subcortical targets (Munakata 2011, 

Stalnaker 2015). It is likely that inhibitory control is mediated by interactions between these value 

representations and the basal ganglia, a set of interconnected subcortical nuclei with control over 

motor output (Aron et al. 2007). 

The basal ganglia are neuroanatomically well-suited to translate expected value into motor 

output. The output nuclei of the basal ganglia, made up of the globus pallidus pars interna (GPi) 

and the substantia nigra pars reticulata (SNr), maintain tonic GABAergic inhibition of 

thalamocortical neurons which are necessary for the expression of motor commands. Thus, in the 

absence of inhibition on the GPi and SNr, motor output is suppressed. In order for motor 

commands to be expressed, the GPi and SNr must be phasically inhibited by the striatum, which 

consists of the caudate nucleus, the putamen, and the nucleus accumbens, and which receives 

excitatory glutamatergic input from the cortex. Thus excitation of the striatal neurons which send 

inhibitory projections to the GPi and SNr relieves the inhibition of thalamocortical neurons, 

allowing motor output to occur. This chain of inhibition is called the direct pathway, and the 

ultimate effect of its activation is the initiation of motor commands. The neurons within the striatum 

which receive cortical input are called medium spiny neurons (MSNs), and the subset of MSNs 

within the direct pathway which project to the GPi and SNr are largely defined by their expression 

of substance P and the dopamine D1 receptor (Gerfen et al. 1990, Surmeier et al. 2007). 

Conversely, the output nuclei of the basal ganglia can be excited by input from the subthalamic 

nucleus (STN), increasing inhibition on thalamocortical neurons and preventing motor output. The 

subthalamic nucleus is controlled by inhibition from the globus pallidus pars externa (GPe), which 



40 

is itself controlled by inhibitory projections from MSNs in the striatum. These MSNs are a separate 

population from those which inhibit the GPi, and are defined by their expression of enkephalin 

and the dopamine D2 receptor (Gerfen et al. 1990, Surmeir et al. 2007). When these MSNs of 

the indirect pathway are activated, they disinhibit the STN, resulting in excitation of the basal 

ganglia output neurons and inhibition of thalamocortical neurons mediating motor output. MSNs 

of the direct and indirect pathway are widely distributed and intermingled throughout the striatum, 

and are relatively silent at rest with a high threshold for activation (Grillner et al. 2005). This 

neuronal architecture is phylogenetically well-conserved, and is present in all extant vertebrates 

from lampreys to humans (Pombal et al. 1997, Marín et al. 1998). 

The direct and indirect pathways balance and oppose each other, and the high 

spontaneous firing rate of neurons in the GPi tends to prevent motion in the absence of striatal 

input (Grillner et al. 2005). The critical mediator of striatal activity is dopamine, which is released 

from neurons in the ventral tegmental area (VTA) and substantia nigra pars compacta (SNc). Due 

to their differential expression of dopamine receptors, dopamine has opposing effects on the 

direct and indirect pathway. Activation of D1 receptors shifts the MSNs of the direct pathway into 

an “up state”, in which they are close to the threshold for firing and can easily be activated by 

cortical input; conversely, activation of D2 receptors hyperpolarizes MSNs of the indirect pathway, 

moving them further away from the threshold for activation. D1 receptors have a low affinity for 

dopamine, and thus are highly responsive to phasic changes in dopamine levels (Dreyer et al. 

2010). By contrast, D2 receptors have high affinity for dopamine and are nearly saturated at 

baseline, so they tend to be nonresponsive to phasic bursts, but are able to rapidly detect phasic 

dips or pauses in dopamine signaling (Dreyer et al. 2010). Dopaminergic neurons form enormous 

overlapping axonal arbors in the striatum: a single dopamine neuron in the SNc can influence the 

activity of up to 75,000 MSNs, and each individual MSN is influenced by the activity of between 

95-194 dopamine neurons (Matsuda et al. 2009). Since D1- and D2-expressing MSNs are 
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intermingled within the striatum, this widespread dopamine signal has an effect on both the direct 

and indirect pathways. Dopaminergic neurons, which receive information about the predicted 

economic value of options from the orbitofrontal cortex (Takahashi et al. 2009), are therefore able 

to use this information to influence motor output via phasic dopamine release in the striatum 

(Schultz et al. 2015). When the predicted benefit of a reward exceeds its predicted cost, dopamine 

in the striatum phasically increases, activating the direct pathway and allowing reward-seeking 

actions to be performed (Day et al. 2010). Conversely, when the predicted cost of a reward 

exceeds its predicted benefit, striatal dopamine phasically decreases, disinhibiting the indirect 

pathway and suppressing the direct pathway to interrupt and inhibit movement initiation (Day et 

al. 2010). D2-expressing medium spiny neurons of the indirect pathway, therefore, represent a 

neuroanatomical locus of inhibitory control (Grillner et al. 2005). 

 The role of dopamine in motivated behavior is well-documented. Early work showed that 

motivation to work for intracranial self-stimulation was impaired by classical neuroleptic drugs and 

enhanced by stimulant drugs, including amphetamine (Stein 1961). At the time, the behavioral 

effects of these drugs were thought to be primarily mediated by their effects on the noradrenergic 

system, but the development of specific antagonists for dopamine receptors and subsequent 

experiments showing that these agents blocked self-stimulation provided strong evidence that 

dopamine was critically involved in motivated behavior (Fouriezos et al. 1978). The role of striatal 

dopamine and its receptors in action selection became clear with a series of experiments showing 

that administration of haloperidol and depletion of dopamine in the nucleus accumbens biased 

behavior away from options requiring effort expenditure without affecting primary food reward 

(Salamone et al. 1991, 1994). These studies also implicated the D2 receptor specifically, as 

haloperidol has much higher affinity for the D2 receptor subtype over the D1 subtype (Leysen et 

al. 1992, 1994). Indeed, low D2 receptor availability has been linked to impulsive behavior in drug-

naïve rats (Dalley et al. 2007), monkeys (Groman et al. 2011), and humans (Ghahremani et al. 
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2012). Furthermore, human methamphetamine abusers have lower D2 receptor availability 

(Volkow et al. 2001), and this is linked to higher impulsivity (Lee et al. 2009, Ballard et al. 2015). 

Though this difference could predate methamphetamine use and predispose certain individuals 

toward developing a substance abuse disorder, there is evidence that this pattern of low D2 

availability and impulsive behavior can result from repeated exposures to methamphetamine in 

the absence of preexisting differences (Groman et al. 2012, 2013). However, all of these 

assessments were made following repeated withdrawals from methamphetamine, thus it is 

unknown if methamphetamine exposure itself causes a reduction in D2 expression or if this is a 

consequence of withdrawal from methamphetamine. 

 Furthermore, while low D2 expression has been linked to impulsive-like behavior, the 

precise neural mechanism of this is unclear. Using D2 agonists and antagonists to probe the 

function of the indirect pathway in methamphetamine withdrawal is problematic, as there are 

known effects of methamphetamine on D2 expression. Additionally, D2 receptors are present on 

presynaptic terminals of dopamine neurons in the striatum, where they regulate the release of 

dopamine (Herdon et al. 1987, L’hirondel et al. 1998). Thus, it is unclear whether the effects of 

pharmacologic D2 manipulation are mediated by D2 receptors present on medium spiny neurons 

of the indirect pathway or by global changes in dopamine release. By contrast, the adenosine 2A 

(A2A) receptor is selectively expressed in D2-expressing medium spiny neurons (Schiffmann et 

al. 1991, Fink et al. 1992), where it exerts a negative allosteric influence on D2 activation (Ferré 

et al. 1994, 1997, Fuxe et al. 2005). Pharmacologic agents targeting the A2A receptor have 

therefore been used to investigate the behavioral effects of direct activation (Font et al. 2008, 

Mingote et al. 2008, Jones-Cage et al. 2012) and inhibition (Furlong et al. 2015) of indirect 

pathway medium spiny neurons. Systemic administration of the A2A agonist CGS 21680 has 

been shown to reduce effort expenditure for food rewards on fixed ratio schedules in a way that 

is distinct from the effect of haloperidol (Mingote et al. 2008, Jones-Cage et al. 2012), and 
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infusions of CGS 21680 directly into the nucleus accumbens have been shown to selectively 

reduce lever-pressing in a fixed ratio choice task (Font et al. 2008). However, the effect of intra-

accumbal CGS 21680 infusions on a progressive ratio choice task is unknown. Additionally, it is 

unknown whether the decrease in lever-pressing behavior seen following intra-accumbal infusion 

of CGS 21680 is a consequence of general work-aversion or of an altered effortful discounting 

function. 

 We therefore set out to investigate the timecourse of changes in D2 expression following 

methamphetamine exposure and withdrawal. We then assessed the effect of pharmacologic 

activation of D2-expressing medium spiny neurons via intra-accumbal infusion of CGS 21680 

both in the context of effortful choice and in a progressive ratio paradigm without choice. 

Methods 

Subjects. Male Long-Evans rats (Charles River Laboratories, Raleigh, NC) weighing 

between 250-300 g and at postnatal day (PND) 70 at the beginning of the study were maintained 

under a 12-hr light/12-hr dark cycle (lights on 6:00-18:00) under temperature- and humidity-

controlled conditions. Food and water were available ad libitum at all times for animals in 

Experiment 1. In Experiment 2, food and water were available ad libitum prior to the inception of 

behavioral testing. After arrival in the facility, animals were left undisturbed for 3 days to acclimate 

to the vivarium, then handled by experimenters over the next 5 days for a minimum of 10 minutes 

per day. During acclimation, handling, and methamphetamine pre-exposure, rats were pair-

housed; each methamphetamine-treated rat was housed with a saline-treated rat to minimize 

aggression. Rats were separated on the morning after the final day of drug pretreatment, and 

remained singly-housed for the remainder of the experiment. All experiments were performed in 

accordance with the United States National Institutes of Health Guide for the Care and Use of 

Laboratory Animals (National Institutes of Health 1978) and were approved by the University of 

California at Los Angeles, Chancellor’s Animal Research Committee.  
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Drug Treatment. Rats were treated with d-methamphetamine hydrochloride using a 

subchronic escalating regimen which is protective against dopamine neurotoxicity following 

subsequent binge exposure (Segal et al., 2003). In Experiment 1, rats were given three daily 

injections (separated by 3.25 hours) of d-methamphetamine (“mAMPH”, n=18; 0.1-6.0 mg free 

base/kg, s.c., escalating in 0.1 mg/kg increments up to 2.1 mg/kg, then in 0.2 mg/kg increments 

from 2.1 mg/kg to 6.0 mg/kg) or physiological saline solution (“Sal”, n=20; 1 ml/kg, s.c.) for two 

weeks. Due to the death of several rats treated with this regimen, rats in Experiment 2 were given 

three daily injections (separated by 3.25 hours) of mAMPH (n=6; 0.1-4.0 mg free base/kg, s.c., 

escalating in 0.1 mg/kg increments) or physiological saline solution (n=6, 1 ml/kg, s.c.). The 

experimental timeline is shown in Figure 3-1. 
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Experiment 1: 18 Hours vs. 6 Weeks Post-Methamphetamine 

Real-time quantitative PCR. Rats were euthanized either the morning after the final 

methamphetamine or saline treatment (n=16, Experiment 1a), or after 6 weeks of withdrawal 

(n=22, Experiment 1b) with an overdose of sodium pentobarbital (250 mg/kg, i.p.). Bilateral 

striatum was rapidly dissected over a cold plate at 4°C and flash frozen by immersion in 

Figure 3-1. Experimental Timeline. Rats arrived at postnatal day (PND) 70. Rats in Experiment 1a were sacrificed 
the day after their final dose of methamphetamine. Rats in Experiment 1b were allowed to sit undisturbed for 6 
weeks in their home cages prior to sacrifice and tissue collection. Rats in Experiment 2 underwent cannulation 
surgery and behavioral testing. 
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isopentane over dry ice before being stored at −80 °C. Striatal dissections included both dorsal 

and ventral subregions.  Total RNA was isolated using the Direct-zol RNA MiniPrep kit (Zymo 

Research) as per the manufacturer’s protocol. The total RNA was converted to cDNA using 

qScript cDNA SuperMix kit (Quanta Bioscience) and the Drd2 mRNA content was measured using 

PerfeCTa SYBR Green FastMix kit (Quanta Bioscience) by the CFX96 Real-Time PCR Detection 

System (Bio-Rad). The Gapdh gene was used as an endogenous control to standardize sample 

loading volumes. 

Western Blotting. Dissected tissue was homogenized in lysis buffer (137 mM NaCl, 20 

mM Tris-HCl pH 8.0, 1% NP40, 10% glycerol, 1 mM PMSF, 10 ug/ml aprotinin, 0.1 mM 

benzothonium, 0.5 mM sodium vanadate). After centrifuging at 12,500 g for 20 minutes, 

supernatants were collected and immediately processed for total protein concentration 

determination according to the Micro BCA procedure (Pierce, Rockford, IL, USA), using bovine 

serum albumin as standard. All chemicals were obtained from Sigma (St. Louis, MO, USA) unless 

otherwise noted. Dopamine D2 Receptor protein samples were analyzed. Actin was utilized as 

an internal control, and each blot was standardized to its corresponding actin value. Protein 

samples were separated by electrophoresis on a 10% polyacrylamide gel and electrotransferred 

to a PVDF membrane. Non-specific binding sites were blocked in TBS with 2% BSA and 0.1% 

Tween-20 for 1 hour at room temperature. Membranes were rinsed in buffer (0.1% Tween-20 in 

TBS) and incubated at 4°C overnight, with anti-D2 receptor  (1:1000, EMD Millipore, Billerica, MA, 

USA) followed by anti-Rabbit IgG horseradish peroxidase-conjugate (1:100,000 Santa Cruz 

Biotechnology Inc., CA, USA). Anti-Actin (1:1000, Santa Cruz Biotechnology Inc., Santa Cruz, 

CA, USA) was followed by anti-goat IgG horseradish peroxidase-conjugate (1:100,000 Santa 

Cruz Biotechnology Inc., CA, USA). After rinsing in buffer four times for 10 minutes, 

immunocomplexes were analyzed by chemiluminescence using the ECL Plus kit (Amersham 

Pharmacia Biotech Inc., Piscataway, NJ, USA), according to manufacturer’s instructions.  
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Data Analyses. The Prism software package (Graphpad Software, Inc., Version 7.0) was used 

for statistical analysis. Two-way ANOVA followed by Bonferroni post hoc comparisons with the 

Saline/18 Hours group as a control was conducted for between-group mRNA and protein 

comparisons. There were no significant differences between Sal/18 Hours and Sal/6 Weeks. The 

results were expressed as mean percent of control values and represent the mean ± standard 

error of the mean (S.E.M). 

Experiment 2: Progressive Ratio Choice Task. 

 Surgery. Three to five days after cessation of drug treatment, animals underwent surgery 

to implant bilateral guide cannulae (PlasticsOne, Roanoke, VA) that targeted the nucleus 

accumbens core, based on Font et al. (2008). Rats were anaesthetized with 5% isoflurane in 

oxygen (2 L/m) and the site of surgery was shaved. Animals were then placed into a stereotaxic 

device (David Kopf Instruments, Tujunga, CA) and maintained at 2-4% isoflurane while monitoring 

rectal temperature and breathing rate. Dual 22-gauge guide cannulae were lowered to 1.0 mm 

above the nucleus accumbens (AP +1.6, ML ±1.8, DV -6 from bregma) (Paxinos & Watson 1997) 

and secured to the skull with 3 stainless steel screws and Bosworth Trim II dental cement. 

Stainless steel dummy cannulae were inserted through the guide cannulae until the time of 

infusions. Rats were given carprofen (5 mg/kg) for pain relief prior to surgery and for 5 days after 

surgery. Following surgery, rats were given a minimum of 5 days to recover prior to behavioral 

testing. 

Food Restriction. Five days after surgery, the amount of food given to each rat was 

reduced to 18 grams/day, and rats were given ~60 sucrose pellets (45-mg dustless precision 

sucrose pellets; Bio-Serv, Frenchtown NJ) to acclimate them to the food rewards. Behavioral 

testing began 2 days later. Throughout pretraining rats were maintained on 18 grams of lab chow 

per day. Once rats were advanced to the progressive ratio phase of training, they were given 20 



48 

grams of chow per day to maintain a healthy body weight. Finally, rats performing the choice task 

were given 25 grams of food per day. Food was always given between 2-3 hours after behavioral 

testing had concluded to prevent rats from associating the termination of testing with immediate 

chow availability. 

Behavioral Testing Apparatus. Training and testing for this experiment were conducted 

in automated chambers fitted with a house light, a food-delivery magazine in which sucrose pellets 

were delivered, and a retractable lever positioned on the chamber wall opposite the magazine. 

Chambers were enclosed in sound-attenuating boxes and were controlled by a PC running Med-

PC IV (Med-Associates, St. Albans, VT). Each time a pellet was earned the lever was retracted 

for 5 seconds before being presented again. 

Progressive Ratio Training. On the first day of behavioral testing, rats were placed into 

the operant chambers with the house light on and 5 sucrose pellets were dropped into the 

magazine. The rats were left in the boxes for 15 minutes, at which point they were removed. If a 

rat had eaten all five pellets during that time they were allowed to advance to the next stage. If 

not, habituation was repeated daily until all the pellets were eaten. In the next stage of training, 

rats were trained to press the lever on a fixed ratio schedule in which each lever response was 

reinforced with one sucrose pellet. Once an animal acquired 30 pellets within 30 minutes, it was 

shifted to the progressive ratio (shallow) phase. In this stage, the required number of presses 

increased according to the formula ni=5e(i/5)-5, where ni is equal to the number of presses required 

on the ith ratio, after 5 successive schedule completions. Training continued until a rat had earned 

30 pellets within 30 minutes, at which point it was advanced to the progressive ratio (steep) task. 

In this task, lever presses increased according to the same formula as in the shallow phase, but 

schedules advanced after every reward delivery rather than after five consecutive schedule 

completions. Once an individual animal’s lever pressing behavior had stabilized (variation over 

the last 4 days of training was less than or equal to 20% of the mean of those four days, a ceramic 
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ramekin containing 18 grams of lab chow was introduced. Rats were advanced individually to 

each stage based on performance. Rats were free to choose between consuming freely available 

but less preferred chow or lever pressing for preferred sucrose pellets. The ramekin was located 

near the magazine in the opposite corner of box from the lever to ensure that the two activities 

were mutually exclusive. After every 30 minute testing session, the number of presses, the 

number of reinforcers, the highest ratio achieved and the amount of chow remaining (including 

chow dropped through the bars and collected in a tray) were recorded. Lever pressing behavior 

was allowed to re-stabilize following chow introduction. 

Intra-accumbal CGS 21680. Infusion protocol was adapted from Font et al. (2008). Rats 

were infused with physiological saline solution for two consecutive days, then with CGS 21680 

(24 ng/side) on the next day. Immediately prior to behavioral testing, bilateral infusions to the 

nucleus accumbens core were delivered using previously implanted guide cannulae through 28-

gauge injectors extending 1.0 mm beyond the tip of the guide (PlasticsOne, Roanoke, VA). 

Injectors were attached via BTPE-20 tubing (Instech, Plymouth Meeting, PA) to a 5.0 µL Hamilton 

syringe (Reno, NV) driven by a syringe pump (Stoelting, Wood Vale, IL). Infusions occurred at a 

flow rate of 0.125 µL/minute, and the total volume of solution infused was 0.5 µL per side. After 

infusion, the injectors were left in place for one minute to allow for diffusion, then removed, the 

dummy cannulae were replaced, and animals were placed into the behavioral testing apparatus. 

Behavioral data from the first two saline infusion days were averaged for analysis, as there were 

no systemic differences in task behavior between the two saline infusion days. 

Intra-Accumbal CGS 21680 (No Choice). In order to verify that the effect of CGS 21680 

infusion was on effortful choice behavior rather than on general motivation, we performed a 

control experiment in which animals were infused with CGS 21680 as before, but were not 

provided with the option of free chow during behavioral testing. This took place at least 2 days 
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after the previous CGS 21680 infusion, and consisted of a saline infusion on one day and a CGS 

21680 infusion on the following day immediately prior to behavioral testing. 

Cannula Placement Verification. Following behavioral testing, animals were humanely 

euthanized with 0.8-1 mL Euthasol (390 mg/mL pentobarbital, 50 mg/mL phenytoin; Virbic, Fort 

Worth, TX). Animals were transcardially perfused with 100 mL isotonic saline followed by 100mL 

buffered formalin acetate (Fisher) at a flow rate of 10mL/minute. Brains were sectioned coronally 

on a cryostat and mounted on slides. After staining with Cresyl Violet, slices were visualized with 

a BZ-X710 microscope (Keyence, Itasca, IL) and analyzed with BZ-X Viewer software. 

Placements were determined by comparison with a standard rat brain atlas (Paxinos & Watson 

1997). 

Data Analysis. The Prism software package (Graphpad Software, Inc., Version 7.0) was 

used for data analysis. The number of lever presses and the grams of chow consumed were 

analyzed by two-way repeated measures ANOVA with pretreatment as a between- and CGS 

21680 dose as a within-subjects factor to assess the impact of CGS 21680 infusions on choice 

behavior. 

Results 

Experiment 1: 18 Hours vs. 6 Weeks Post-Methamphetamine 

 Drd2 mRNA Expression. A significant main effect of pretreatment was observed 

[F(1,24)=40.34, p<0.0001] on Drd2 mRNA expression. There was no main effect of withdrawal 

time [F(1,34)=2.365, p=0.1334], however a significant time by pretreatment interaction was 

observed [F(1,34)=4.635, p<0.05]. Post-hoc analysis revealed significant reductions in the 

mAMPH-pretreated animals compared to the saline-pretreated animals at both 18 hours (p<0.05) 

and 6 weeks (p<0.0001) after cessation of mAMPH treatment (Figure 3-2). 
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 D2 Protein Expression. There were significant main effects of time [F(1,34)=51.73, 

p<0.0001], and pretreatment [F(1,34)=6.278, p<0.05], as well as a time by pretreatment 

interaction [F(1,34)=46.47, p<0.0001] on striatal D2 expression as quantified by Western Blot. 

Post-hoc analysis indicated a significant increase in D2 expression 18 hours after the last mAMPH 

dose (p<0.0001), and a significant decrease in D2 expression 6 weeks after the last dose of 

mAMPH (p<0.01) (Figure 3-3). 

 

Figure 3-2. Striatal Drd2 mRNA Expression. Exposure to methamphetamine caused a reduction in Drd2 mRNA 
transcripts in the striatum. This reduction was present both 18 hours (<0.05) and 6 weeks (p<0.0001) after the last 
experience with methamphetamine. There was also a significant simple main effect of time in mAMPH-pretreated 
animals (p<0.05). 

Figure 3-3. Striatal D2 Protein Expression. Exposure to methamphetamine caused a robust increase in D2 
expression when assessed 18 hours after the last dose of methamphetamine (p<0.0001). By contrast, a significant 
reduction in D2 expression was seen following 6 weeks of withdrawal from methamphetamine (p<0.01). 
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Experiment 2: Progressive Ratio Choice Task 

 Chow/Choice Introduction. Lever presses on the day before chow introduction and the 

first day chow was available were analyzed. Two-way repeated measures ANOVA revealed a 

significant main effect of chow presence [F(1,10)=66.86, p<0.0001], but no main effect of 

pretreatment [F(1,10)=0.1437, p=0.7126] or chow presence by pretreatment interaction 

[F(1,10)=0.1437, p=0.7126]. 

Stable Choice Performance. Under the steep progressive ratio schedule, there was no 

difference between mAMPH- and saline-pretreated animals at stable choice performance 

[t(10)=0.1412, p=0.8905]. 

Intra-Accumbal CGS 21680. Lever presses and chow consumption were analyzed on 

days when animals received intra-accumbal saline infusions and CGS 21680 infusions. Repeated 

measures ANOVA resulted in a significant main effect of CGS infusion on lever pressing behavior 

[F(1,10)=27.66, p<0.001] (Figure 3-4a), but not on chow consumption [F(1,10)=1.968, p=0.1910] 

(Figure 3-4b). There was no main effect of pretreatment on lever pressing [F(1,10)=0.0057, 

p=0.9413] or chow consumption [F(1,10)=1.968, p=0.4246], and no infusion by pretreatment 

interaction on either lever pressing [F(1,10)=0.1839, p=0.6771] or chow consumption 

[F(1,10)=0.765, p=0.4023]. 

 

Figure 3-4. Intra-Accumbal CGS 21680. (a) Infusion of CGS 21680 caused a significant reduction in lever 
pressing in animals pretreated with saline or methamphetamine (p<0.001). (b) There was no effect of CGS21680 
infusion on chow consumption (p=0.191). 
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Intra-Accumbal CGS 21680 (No Choice). When animals were not given the option of freely 

available chow, there were no significant main effects of CGS infusion [F(1,10)=0.0168, p=0.8993] 

or pretreatment [F(1,10)=0.3275, p=0.5798], nor was there an infusion by pretreatment interaction 

[F(1,10)=0.09798, p=0.7607] on lever pressing behavior (Figure 3-5). 

 

 Verification of Cannula Placement. Only animals that had verified cannula placement 

within the nucleus accumbens core were included in behavioral analysis. A representative image 

and schematics showing the location of cannula placements are shown in Figure 3-6. 

Figure 3-5. Intra-Accumbal CGS 21680 Without Choice. There was no effect of CGS 21680 infusion when free 
chow was not available to the animal during behavioral testing. 
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Discussion 

 Methamphetamine exposure and withdrawal produce long-lasting alterations in 

expression of the D2 receptor in the striatum. Immediately after a two week escalating regimen 

Figure 3-6. Verification of Cannula Placements. (a) A representative photomicrograph of a brain slice showing 
cannula tracks and infusion sites. Section corresponds to approximately 1.2 mm anterior to bregma. Injectors 
extended 1 mm below the cannula track. (b-e) Sites of infusions arranged from anterior to posterior. Numbers 
represent distance anterior to bregma. Each circle represents one infusion location. Adapted from Paxinos & 
Watson (1997). 
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of mAMPH, Drd2 mRNA was significantly reduced, and six weeks of withdrawal further reduced 

Drd2 transcription. By contrast, D2 receptor expression was significantly and robustly upregulated 

by mAMPH experience, and was significantly downregulated by withdrawal. When the A2A 

agonist CGS 21680 was infused into the nucleus accumbens core immediately prior to an effortful 

choice task, rats displayed steep discounting of the effortful outcome, suggesting that aberrantly 

elevated activity in D2-expressing medium spiny neurons may underlie impulsive-like effortful 

behavior in mAMPH withdrawal. 

 Methamphetamine decreases transcription of Drd2 in the striatum, and withdrawal 

from methamphetamine exacerbates this effect. When assessed 18 hours after the last dose 

of mAMPH, we observed a 23% reduction in Drd2 mRNA transcripts relative to saline-treated 

controls. This depletion may be due to increased translation of mRNA transcripts into active 

proteins, which is supported by the increased expression of the D2 receptor at the same timepoint. 

Interestingly, Drd2 transcripts were further depleted (60% of control) by withdrawal from 

methamphetamine, suggesting that withdrawal from methamphetamine may be associated with 

decreased transcription of Drd2. Unfortunately it is not possible to determine whether this 

represents a presynaptic or a postsynaptic effect, as the probe used to quantify mRNA expression 

does not differentiate between the two receptor populations. 

 Methamphetamine exposure increases expression of D2 receptors in the striatum, 

and withdrawal is necessary to observe downregulation. We observed an increase in striatal 

D2 expression in tissue collected 18 hours after the last experience with mAMPH. This finding 

was surprising, as mAMPH is canonically associated with downregulations in D2 availability. 

However, most of these assessments have been made several weeks after the last dose of the 

drug (Groman et al. 2012, 2013), or in humans with long histories of mAMPH use that likely 

included periods of abstinence and withdrawal (Volkow et al. 2001, Lee et al. 2009, Ballard et al. 

2015). Exposure to mAMPH is confounded with the experience of withdrawal in these studies, 
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and it is impossible to determine whether D2 deficiencies result from an effect of mAMPH or an 

effect of withdrawal. Indeed, we found that six weeks after the last dose of mAMPH, D2 expression 

was downregulated as expected. This pattern of results suggests that it is the experience of 

withdrawal from mAMPH that causes a downregulation of D2 receptor expression, rather than the 

exposure to the drug itself. 

 The finding that D2 expression was elevated by mAMPH exposure contradicts canonical 

accounts of D2 receptor regulation. Excessive or repeated activation of G-protein coupled 

receptors such as D2 typically results in downregulation via desensitization or internalization 

(Gainetdinov et al. 2004). In the case of D2, high activity recruits G-protein coupled receptor 

kinases and arrestins, which induce the formation of a scaffolding complex to direct the receptors 

to clathrin-coated pits, where they are internalized (Ito et al. 1999, Skinbjerg et al. 2009) and either 

destroyed in lysosomes or recycled to the synapse (Namkung et al. 2009). Thus, a 

hyperdopaminergic state induced by chronic exposure to mAMPH is expected to result in receptor 

downregulation. There are several possible explanations for the observed increase in D2 

expression immediately following 14 days of repeated mAMPH exposure. First, the upregulation 

could be due to the characteristics of the specific dosing schedule used. Escalating dose 

regimens similar to this have been reported to increase dopamine concentration in the nucleus 

accumbens (Segal & Kuczenski 1997), and it is likely that dopamine was chronically elevated 

throughout the 14 day dosing regimen. Given that the D2 receptor is very nearly saturated by 

tonic dopamine release (Dreyer et al. 2010), upregulation may represent a compensatory 

adaptation to maintain homeostatic dopamine/D2 receptor balance in a chronically 

hyperdopaminergic state. A second possible explanation for the observed effect is that mAMPH 

induces preferential targeting of D2 receptors away from lysosomes after internalization. Since 

the technique used here to quantify protein expression cannot differentiate between internalized 

and externalized proteins, increased retention of D2 after internalization could help explain the 
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finding. Third, mAMPH may increase ribosomal activity, causing increased translation of Drd2 

mRNA into functional protein. This would also help to explain the reduction in Drd2 mRNA 

observed at this time point. Finally, since D2 is upregulated by an increase in cyclic adenosine 

monophosphate (cAMP) (Johansson & Westlind-Danielsson 1994, Wanderoy & Westlind-

Danielsson 1997), it is possible that the mAMPH-induced upregulation of D2 receptors is due to 

increased glutamate release in the striatum (Mark et al. 2004), which increases cAMP production 

by signaling through metabotropic glutamate receptors on medium spiny neurons (Testa et al. 

1995). Though increased extracellular dopamine would be expected to counteract this by 

inhibiting cAMP production in D2-expressing cells, there is evidence that increased striatal 

dopamine concentration does not increase D2 occupancy (Dreyer et al. 2010). Thus, mAMPH 

may actually increase cAMP production in D2-expressing medium spiny neurons, leading to the 

observed upregulation of D2. It is likely that all of the above factors contribute to the observed 

effect to some degree, and further research is needed to elucidate this mechanism. 

 Regardless of the mechanism by which chronic mAMPH treatment induces an increase in 

D2 expression in the striatum, it is clear that withdrawal from mAMPH leads to a reduction in D2 

expression, and that this reduction lasts well past the acute withdrawal phase. This reduction in 

D2 may be linked to the lingering symptoms of mAMPH withdrawal such as hyperphagia 

(McGregor et al. 2005). Indeed, low D2/3 receptor availability is correlated with high caloric intake 

in humans maintaining abstinence from mAMPH (Zorick et al. 2012). The observed reduction in 

D2 expression following withdrawal from mAMPH is consistent with previous reports of low D2 

availability in mAMPH-dependent humans and animals, but the present work highlights the 

importance of withdrawal in the development of this pattern. 

 Pharmacologic activation of D2-expressing medium spiny neurons in the nucleus 

accumbens renders effortful choice behavior more impulsive. Rats given intra-accumbal 

infusions of the A2A agonist CGS 21680 displayed low levels of lever-pressing behavior in the 
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effortful choice task, while chow consumption was unaffected. This effect was present in both 

mAMPH- and saline-pretreated animals, and can be interpreted as steeper discounting of the 

value of the preferred option as a function of effort. Activation of the D2-expressing medium spiny 

neurons of the indirect pathway seems to mimic the effect of mAMPH withdrawal in this task (cf. 

Chapter 2), suggesting that the impulsive behaviors associated with mAMPH withdrawal may 

result in part from a failure to appropriately inhibit the indirect pathway. 

It should be noted that no difference was observed in the current task between mAMPH- 

and saline-pretreated animals. This likely results from a ceiling effect on lever pressing that 

becomes apparent when animals are tested on a steep progressive ratio, as saline-pretreated 

animals showed greatly reduced lever pressing compared to saline-pretreated animals tested on 

the shallow ratio. The results between these two experiments cannot be directly compared, 

however, as rats that underwent the steeper ratio also were exposed to surgical drugs which may 

have altered performance in the task. Therefore, only within-subject comparisons of performance 

between saline and CGS 21680 infusion days will be made. 

In a normally functioning brain, decisions involving value comparisons are made by 

estimating the costs and benefits associated with various options, then adjusting phasic dopamine 

release in the striatum to convert estimated action values into actions (Montague & Berns 2002). 

The striatum is able to use this information to guide behavior by inhibiting actions when dopamine 

decreases and permitting action when dopamine increases. Since phasic dips in dopamine 

release disinhibit (activate) the indirect pathway, pharmacologic activation of the indirect pathway 

by CGS 21680 mimics a decrease in dopamine concentration. In this task, intra-accumbal CGS 

21680 caused animals to reach the indifference point between the two rewards at a very low effort 

requirement, suggesting that dopaminergic suppression of the indirect pathway is necessary for 

a reward to maintain its value in the face of increasing effort costs. Since dopamine release scales 

with the difference between the economic values of available options, dopamine signaling is 
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strongest when value disparities are largest (Lak et al. 2014). Thus we would predict high 

dopamine release early in the session when the effort requirement for a sucrose pellet is low, and 

progressively lower dopamine release as the value of the sucrose pellet minus the rising effort 

requirement approaches the value of the free chow. The indifference point occurs when the 

release of dopamine in the striatum is no longer sufficient to inhibit the indirect pathway, and 

responding to the lever is suppressed. 

This interpretation is supported by the behavior of animals in this task during protracted 

mAMPH withdrawal: these animals discounted the value of the preferred reward in response to 

increasing effort costs at a higher rate than saline-pretreated controls. Lower D2 expression in 

mAMPH-pretreated animals renders the indirect pathway less sensitive to dopaminergic 

suppression, leading to a lower indifference point and a steeper discounting function. It has been 

shown that viral overexpression of D2 in the nucleus accumbens leads to increased lever pressing 

in a similar effortful choice task, supporting this interpretation (Trifilieff et al. 2013). Though the 

present investigation focused on effort as a cost, similar logic can be applied to explain impulsive 

behavior when delay and risk are the costs of reward, since these costs are already integrated 

into the dopamine signal (Day et al. 2010). While this mechanism does not preclude mAMPH-

induced alterations in the value-predicting and comparing regions of the frontal cortex, it is telling 

that altered effortful choice behavior can be explained through modifications D2 expression, one 

of the most robust effects of methamphetamine exposure and withdrawal.  

 The present work may be subject to the criticism that CGS 21680 infusion into the nucleus 

accumbens may reduce lever pressing simply by inducing work-aversion, rather than through a 

specific effect on effort discounting. To address this concern, we performed the same infusion 

procedure prior to behavioral testing, but did not give the option of freely available chow. Under 

these conditions, CGS 21680 did not suppress lever-pressing behavior. In the absence of choice, 

no value comparison can be made, and pharmacologic activation of the indirect pathway is 
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insufficient to reduce work output. This finding supports the above interpretation of striatal activity 

in the context of choice. 

 Decreased D2 expression is a robust finding in mAMPH-dependent humans and animals. 

Indeed, low D2 expression in humans has been reported after exposure to a variety of drugs of 

abuse, including nicotine (Fehr et al. 2008), opiates (Wang et al. 1997), alcohol (Volkow et al. 

1996), and cocaine (Volkow et al. 1993), but not marijuana (Stokes et al. 2012). Among drugs of 

abuse, marijuana is somewhat unique in that cessation of use does not result in a robust 

withdrawal syndrome (Smith 2002), and that marijuana use does not lead to impulsive behavior 

in intertemporal choice (Johnson et al. 2010). The present research may offer a clue to this 

discrepancy: here we present evidence that withdrawal, rather than drug exposure, is responsible 

for the downregulation of D2 receptors and the associated impulsive behavior observed in drug-

dependent subjects. Further work should aim to describe the mechanism by which withdrawal 

induces reductions in D2 expression, as this may prove a therapeutic target for the management 

of impulsive behaviors in protracted withdrawal. 
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Chapter 4: Contrast Effects, Critical Windows, and the Adaptive 

Value of Impulsivity 

Abstract 

 Decision-making mechanisms in humans and animals are a product of evolution by natural 

selection. The neural mechanisms which lead to impulsiveness during protracted withdrawal from 

methamphetamine have been selected for over evolutionary time because they provide a net 

benefit to organisms that express them, but the adaptive value of impulsive behavior is unclear. 

To better understand these mechanisms it is necessary to consider their adaptive value in the 

context of the selection pressures which have shaped them. Increased willingness to expend 

effort for rewards during protracted withdrawal may be an expression of a positive contrast effect, 

in which rewards acquire greater value when presented against a background of low reward 

availability. Contrast effects have been proposed to result from an adaptive solution to the 

problem of uncertainty in foraging behavior. Expanding on this, we propose that 

methamphetamine exposure alters an animal’s estimation of environmental reward availability by 

signaling a massive shift in the reward statistics of the environment. Subsequently, the organism 

encodes new estimations of the environment during methamphetamine withdrawal, leading to 

long-lasting alterations in behavior that are consistent with predictions for an animal in a patchy, 

impoverished reward environment. Thus impulsive behavior in protracted methamphetamine 

withdrawal may result from an adaptive mechanism which adjusts foraging behavior to 

appropriate levels in uncertain or changing environments.  

Introduction 

Charles Darwin’s publication of On the Origin of Species by Means of Natural Selection in 

1859 was a major turning point for the science of biology. In it, Darwin presented a simple and 

elegant explanation for the vast biodiversity of species on the planet: over a great deal of time, 
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traits that tended to increase survival and reproduction in a certain habitat were likely to be 

preserved within that habitat, and traits that impaired survival and reproduction are likely to be 

eliminated. This slow accumulation of beneficial changes over time can explain the development 

of extraordinarily complex structures such as the eye or the human hand. It is commonly assumed 

that, given sufficient time, natural selection will optimize traits by exerting selection pressures 

against deviations from optimality (Parker & Smith 1990). Thus, traits such as the length of a bird’s 

wing or the ratio of males to females in a population (i.e. the probability that any particular offspring 

will be male) are stable and optimized to maximize fitness. Despite this, natural selection has not 

formed perfect bodies. We are vulnerable to damage and diseases, and our bodies are riddled 

with defects ranging from allergies and sunburn to autoimmune disease and skin cancer. 

Evolutionary explanations for these suboptimal traits are lacking (Williams & Nesse 1991). Natural 

selection has shaped the human brain’s capacity for analytical thought, the ability to precisely 

coordinate the activity of 29 bones, 123 ligaments, and 34 muscles in the human hands to type 

the products of that thought into a dissertation, and the cognitive capacity to read and comprehend 

that dissertation. How is it, then, that natural selection has been unable to generate an adaptive 

solution to the problems of pollen and cat hair? More perplexing still are diseases which are coded 

in genes: how have traits such as nearsightedness and Type I diabetes persisted despite strong 

selection pressures against them? The field of evolutionary medicine has arisen to answer these 

questions (Williams & Nesse 1991). 

Part of the difficulty in providing evolutionary answers for disease comes from failure to 

identify the proper questions. The question “Why did natural selection shape a disease?” is not 

informative in most cases. Natural selection shapes traits that are uniform in a population, 

whereas diseases often represent peculiarities or variations from the norm. For example, it has 

been proposed that Type I diabetes may have been selected for during the ice age because 

increased circulating glucose in the blood could protect against cellular damage from freezing 



63 

(Moalem et al. 2005). Such an explanation is insufficient, primarily because it aims to provide an 

evolutionary explanation for a non-universal trait. Additionally it only explains a byproduct of the 

disease rather than the disease itself, as the genes associated with Type I diabetes regulate an 

autoimmune response which destroys beta cells in the pancreas; they do not directly regulate 

blood glucose level. A better question to ask would be “Why did natural selection leave the body 

vulnerable to disease?” (Nesse 2011). From this perspective it is clear that diabetes does not 

serve an adaptive function, but rather is the product of variation in the genes regulating the 

immune system (this variation itself is the universal trait that has been selected for: it helps protect 

against pathogens by varying the immune system from one generation to the next). 

The decision making mechanisms in the brain are another set of universal traits that have 

been shaped by natural selection. Thus alterations in decision making behavior likely have their 

roots in evolutionary adaptiveness. Again, it is not informative to ask why natural selection shaped 

methamphetamine abuse. Rather, we can ask “Why did natural selection shape decision-making 

mechanisms that are vulnerable to alteration by methamphetamine?” This turns out to be a very 

complex question in need of further specification. Some aspects of methamphetamine abuse are 

relatively simple to explain: people use methamphetamine because it pharmacologically induces 

the release of dopamine, hijacking the brain’s natural reward system and guiding behavior toward 

continued drug use (Nesse & Berridge 1997). Other aspects are more difficult to explain: why 

does methamphetamine activate reward circuitry at all, when there is evidence that its chemical 

precursors were neurotoxins that evolved in plants to deter predation (Sullivan et al. 2008)? While 

these questions are fascinating and much deserving of further inquiry, the findings presented in 

this dissertation raise an important question of their own: why did the brain evolve a mechanism 

which renders decision making impulsive after exposure to and withdrawal from 

methamphetamine? 
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To answer this question, we will discuss experimental findings relating to the relative 

valuation of rewards, critical windows of corticostriatal plasticity, and the adaptive value of 

impulsive behavior 

Contrast Effects 

 Early accounts of reward learning did not put much emphasis on reward identity or value, 

instead focusing on the ability of a “satisfying after-effect” to reinforce the actions that preceded 

them (Thorndike 1933). Larger rewards were thought to induce stronger associations between 

actions and outcomes, but this was thought to be an effect on the asymptote of behavior rather 

than the rate of learning (Grindley 1929), and the reward value itself was thought to be unlearned. 

However, a series of experiments by Leo Crespi provided compelling evidence that not only was 

the rate of learning affected by the magnitude of reward, but also that response vigor was 

influenced by reward values on previous trials (Crespi 1942). In these experiments, rats were 

trained to run down a runway to acquire rewards of different values, and their speeds were 

recorded as a measure of response vigor. All rats started at low speeds and got faster with more 

trials, but the rate at which rats increased their running speed scaled with the reward value (Crespi 

1942). Additionally, once running speed had reached its asymptote, all animals were switched to 

16 food units. Rats that had previously run for 1 or 4 rewards suddenly ran much faster than rats 

that had been trained to run for 16 units, while rats that had previously run for 64 or 256 reward 

units rapidly decreased their running speed well below that of the animals trained to run for 16 

rewards (Crespi 1942). This finding demonstrated that animals were able to learn and remember 

the value of rewards in a task, use that information to allocate appropriate effort to an instrumental 

response, and evaluate rewards relative to their previous history with reward. 

 The idea that valuation of a reward may be influenced by the context of other reward 

experiences has been termed “reward relativity”, and the sudden change in behavior observed 

when reward value rapidly shifts is called a “successive contrast effect”. Other forms of contrast 
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effects have also been observed: simultaneous contrast occurs when an animal presented with a 

choice between a high value reward and a low value reward consumes more of the high value 

reward than an animal that is given a choice between two high value rewards (Flaherty & Largen 

1975). Anticipatory contrast can occur when animals are presented with two options sequentially 

over several days; if the second option is preferred, consumption of the first option can be inhibited 

in anticipation of the delivery of the preferred second option (Flaherty & Checke, 1982). This 

anticipatory contrast effect quite clearly parallels inhibitory control in delay discounting, as animals 

must inhibit responding for the immediate reward of lesser value in order to consume the later 

reward of greater value. Contrast effects depend on the discrepancy between predicted reward 

and received reward, a comparison which relies on dopamine signaling (Schultz 1998). Striatal 

dopamine signaling may therefore be a neural substrate of contrast effects: positive or negative 

reward prediction errors elicit changes in dopamine release which increase or decrease 

movement initiation, respectively. Indeed, the nucleus accumbens has been shown to be 

necessary for the behavioral expression of contrast effects in an instrumental context (Leszczuk 

& Flaherty 2000), and negative contrast effects can be attenuated or enhanced by manipulations 

of dopamine signaling (Phelps et al. 2015). Changes in dopamine, and the receptors in the 

nucleus accumbens which respond to these changes, are likely involved in the behavioral 

expression of contrast effects. 

It has been proposed that contrast effects may result from an evolved foraging mechanism 

which alters effortful output as a function of reward history (McNamara et al. 2013). According to 

this hypothesis, optimal effort expenditure is determined by current environmental conditions and 

expected future environmental conditions. Since the future is unknown, but tends to be well-

correlated with the past, the animal makes decisions about current reward sources by comparing 

them with its past reward experience. Thus successive contrast effects are formed: compared to 

animals that never experience a shift, animals that have experienced rich reward conditions will 
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conserve effort when conditions shift for the worse, and animals that have experienced poor 

reward conditions will work harder when reward conditions shift for the better (McNamara et al. 

2013). The animal’s experience in the environment over the recent past is integrated into a “belief” 

or expectation about the quality of its environment, and future reward-seeking behavior is guided 

by this belief. This model received empirical support from an experiment in which gerbils were 

allowed to forage in a patchy environment that underwent a shift from rich to poor and back to 

rich again (Berger-Tal et al. 2014). After experiencing poor foraging conditions, the gerbils 

adjusted their foraging behavior in the newly rich environment in a way that was consistent with 

a positive contrast effect. 

The behavior of amphetamine- and mAMPH-treated animals presented with only one 

option for reward is also consistent with contrast effects. In early withdrawal from amphetamine, 

effort expenditure is low (Barr & Phillips 1999) and humans report lethargy and anhedonia 

(McGregor et al. 2005). This is consistent with a shift from rich to poor conditions in the contrast 

effect model (McNamara et al. 2013), and negative contrast effects for sucrose solutions are 

enhanced during acute withdrawal from amphetamine (Barr & Phillips 2002). As time goes by and 

the expectations for the environmental quality are updated to reflect the stress and dysphoria 

associated with withdrawal, effort expenditure begins to increase beyond the levels of drug naïve 

controls, whether in barrier climbing for reward (Stolyarova et al. 2015), progressive ratio lever 

pressing for reward (Olausson et al. 2006), voluntary wheel running (c.f. Chapter 2), or simple 

consummatory behavior such as hyperphagia (McGregor et al. 2005). This behavior is consistent 

with behavior predicted by the model when an animal with a belief that the reward environment is 

poor is given an opportunity to work for reward. Increased willingness to expend effort for reward 

in protracted mAMPH withdrawal may therefore be a positive contrast effect which occurs after 

animals have undergone withdrawal. 
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Contrast effects, which may have evolved to support adaptive foraging in uncertain 

environments, can explain altered effortful behavior in protracted mAMPH withdrawal. However, 

it is still necessary to explain why the positive contrast effect lingers into protracted withdrawal 

while the negative contrast effect seen in early withdrawal quickly fades. Additionally, the role of 

contrast effects in generating impulsive behavior in the context of effortful choice requires further 

elaboration 

Critical Windows 

 Evolution by natural selection has been able to optimize many traits at local fitness maxima 

by selecting against deviation from optimality (Parker & Smith 1990). This is effective due to the 

fact that many features of the environment tend to be stable from one generation to the next. 

However, environments that are reliably stochastic or which feature structured variation over time 

tend to favor the development of traits that are flexible or malleable in the face of changing 

environmental conditions (Via et al. 1995, Piersma & Drent 2003, Nettle & Bateson 2015). These 

phenotypically flexible traits have been selected for because genes which can regulate the 

expression of other genes in response to environmental cues confer a selective advantage (Via 

et al. 1995). Often, environmental conditions during particular developmental times can adjust 

phenotypic expression irreversibly throughout the rest of the lifespan. For example, it is well-

documented that limb length in many animals is negatively correlated with latitude, a correlation 

known as Allen’s Rule (Allen 1877). This is thought to be an adaptation which aids in 

thermoregulation, as shorter limbs reduce an organism’s surface area to volume ratio and 

therefore reduce heat loss through the skin (Tilkens et al. 2007). However, shorter limbs can also 

be disadvantageous by imposing a greater energetic cost on locomotion (Weaver & Steudel-

Numbers 2005), thus optimal limb length depends on temperature. Since temperature is generally 

consistent within an individual’s lifetime but variable over longer timespans, it is not possible for 

an optimal limb length to be encoded in the genes. Instead, limb length is related to temperature 
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experienced early in life, and genetically identical animals raised in different temperatures will 

have dramatically different limb lengths in adulthood (Sumner 1909, Harland 1960, Serrat et al. 

2008). Temperature experienced in adulthood does not have an effect on limb length, thus there 

exists some critical window of time during development during which the trait of limb length can 

be influenced by temperature. Many other traits are subject to similar critical windows, often during 

early development (Bateson 1979, MacDonald 1985, Branchi et al. 2013) and adolescence (Ellis 

et al. 2010, Blakemore & Mills 2014). 

 There is evidence that early life experience can shape decision making behavior later in 

life. Animals raised in impoverished conditions tend to exert greater effort for reward in a 

progressive ratio task (Kirkpatrick et al. 2014), suggesting that early life reward experience may 

adaptively calibrate the vigor of reward-seeking behavior later in life. It is known that BDNF 

signaling via TrkB receptors is vital for proper striatal development during early life, especially for 

D2-expressing medium spiny neurons of the indirect pathway (Baydyuk et al. 2011, Li et al. 2012). 

BDNF is released in the striatum in an activity-dependent manner from cortical glutamatergic 

neurons (Altar et al. 1997), and activation of TrkB is a critical mediator of plasticity at corticostriatal 

synapses (Jia et al. 2010). High levels of striatal TrkB activation may therefore index a critical 

window for reward learning. Indeed, activation of TrkB in the striatum via infusion of exogenous 

BDNF enhanced learning of novel reward-seeking strategies (D’Amore et al. 2013). It is likely that 

heightened BDNF/TrkB signaling in early life calibrates striatal signaling, especially the indirect 

pathway, to optimize effort expenditure and reward-seeking behavior in adulthood. 

 Though critical windows for developmental plasticity tend to close after adolescence, it 

has been proposed that these critical windows may be reopened by cues indicating that conditions 

have changed significantly from previous estimates (Fawcett & Frankenhuis 2015). Indeed, this 

has been shown to occur in sensory systems, as animals exposed to distorted sensory cues as 

juveniles (Knudsen 1998) or adults (Hofer et al. 2006) showed increased plasticity in the visual 
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system compared to animals that had not previously experienced the sensory distortion. Similarly, 

environmental enrichment in adulthood has been shown to increase BDNF signaling in the frontal 

cortex and striatum, suggesting that corticostriatal plasticity may be heightened by cues of altered 

reward availability (Döbrössy & Dunnett 2004, Branchi et al. 2013). It is possible that the massive 

dopamine efflux induced by mAMPH serves as a signal that the reward statistics of the 

environment have been dramatically altered. If this is the case, then mAMPH exposure may 

reopen a critical window of reward learning and corticostriatal plasticity which coincides with drug 

withdrawal, leading to long-lasting positive contrast effects in future reward-related effort 

expenditure in protracted withdrawal. 

To address this question, we assessed BDNF/TrkB activity in the frontal cortex and 

striatum both immediately after treatment with mAMPH and following 6 weeks of withdrawal. 

Because nearly 90% of BDNF in the striatum is delivered via anterograde transport from the cortex 

(Altar et al. 1997), we assessed Bdnf mRNA transcription in the frontal cortex. Higher Bdnf 

expression is expected to index greater potential for plasticity. We also assessed TrkB activation 

in the striatum as an index of ongoing striatal plasticity. 

Methods. 

Subjects. Male Long-Evans rats (Charles River Laboratories, Raleigh, NC) weighing 

between 250-300 g and at postnatal day (PND) 70 at the beginning of the study were maintained 

under a 12-hr light/12-hr dark cycle (lights on 6:00-18:00) under temperature- and humidity-

controlled conditions. Food and water were available ad libitum at all times. After arrival in the 

facility, animals were left undisturbed for 3 days to acclimate to the vivarium, then handled by 

experimenters over the next 5 days for a minimum of 10 minutes per day. During acclimation, 

handling, and methamphetamine pre-exposure, rats were pair-housed; each methamphetamine-

treated rat was housed with a saline-treated rat to minimize aggression. Rats were separated on 

the morning after the final day of drug pretreatment, and remained singly-housed for the 
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remainder of the experiment. All experiments were performed in accordance with the United 

States National Institutes of Health Guide for the Care and Use of Laboratory Animals (National 

Institutes of Health 1978) and were approved by the University of California at Los Angeles, 

Chancellor’s Animal Research Committee.  

Drug Treatment. Rats were given three daily injections (separated by 3.25 hours) of d-

methamphetamine (“mAMPH”, n=18; 0.1-6.0 mg free base/kg, s.c., escalating in 0.1 mg/kg 

increments up to 2.1 mg/kg, then in 0.2 mg/kg increments from 2.1 mg/kg to 6.0 mg/kg) or 

physiological saline solution (“Sal”, n=20; 1 ml/kg, s.c.) for two weeks.   

Euthanasia and Tissue Collection. Rats were euthanized either the morning after the 

final methamphetamine or saline treatment (“18 Hours”, n=16), or after 6 weeks of withdrawal (“6 

Weeks”, n=22) with an overdose of sodium pentobarbital (250 mg/kg, i.p.). Bilateral frontal cortex 

and striatum were rapidly dissected over a cold plate at 4°C and flash frozen by immersion in 

isopentane over dry ice before being stored at −80 °C. Frontocortical dissections included ventral 

(orbital) and medial sectors of the frontal cortex, but excluded most lateral, posterior regions. 

Striatal dissections included both dorsal and ventral subregions. 

Real-time quantitative PCR. Total RNA was isolated using the Direct-zol RNA MiniPrep 

kit (Zymo Research) as per the manufacturer’s protocol. The total RNA was converted to cDNA 

using qScript cDNA SuperMix kit (Quanta Bioscience) and the Bdnf mRNA content was measured 

using PerfeCTa SYBR Green FastMix kit (Quanta Bioscience) by the CFX96 Real-Time PCR 

Detection System (Bio-Rad). The Gapdh gene was used as an endogenous control to standardize 

sample loading volumes. 

Western Blotting. Dissected striatal tissue was homogenized in lysis buffer (137 mM 

NaCl, 20 mM Tris-HCl pH 8.0, 1% NP40, 10% glycerol, 1 mM PMSF, 10 ug/ml aprotinin, 0.1 mM 

benzothonium, 0.5 mM sodium vanadate). After centrifuging at 12,500 g for 20 minutes, 
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supernatants were collected and immediately processed for total protein concentration 

determination according to the Micro BCA procedure (Pierce, Rockford, IL, USA), using bovine 

serum albumin as standard. All chemicals were obtained from Sigma (St. Louis, MO, USA) unless 

otherwise noted. Phosphorylated TrkB and total TrkB were quantified, and the membrane was 

stripped between pTrkB and TrkB assessment. Actin was utilized as an internal control, and each 

blot was standardized to its corresponding actin value. Protein samples were separated by 

electrophoresis on a 10% polyacrylamide gel and electrotransferred to a PVDF membrane. Non-

specific binding sites were blocked in TBS with 2% BSA and 0.1% Tween-20 for 1 hour at room 

temperature. Membranes were rinsed in buffer (0.1% Tween-20 in TBS) and incubated at 4°C 

overnight, with anti-TrkB and phospho-TrkB (1:1,000, Santa Cruz Biotechnology Inc., Santa Cruz, 

CA, USA) followed by anti-Rabbit IgG horseradish peroxidase-conjugate (1:100,000 Santa Cruz 

Biotechnology Inc., CA, USA). Anti-Actin (1:1000, Santa Cruz Biotechnology Inc., Santa Cruz, 

CA, USA) was followed by anti-goat IgG horseradish peroxidase-conjugate (1:100,000 Santa 

Cruz Biotechnology Inc., CA, USA). After rinsing in buffer four times for 10 minutes, 

immunocomplexes were analyzed by chemiluminescence using the ECL Plus kit (Amersham 

Pharmacia Biotech Inc., Piscataway, NJ, USA), according to manufacturer’s instructions.  

Data Analyses. The Prism software package (Graphpad Software, Inc., Version 7.0) was 

used for statistical analysis. Two-way ANOVA followed by Bonferroni post hoc comparisons with 

the Saline/18 Hours group as a control was conducted for between-group mRNA comparisons. 

For protein comparisons, the ratio of pTrkB to total TrkB was calculated as a proxy for receptor 

activation. The results were expressed as mean percent of control values and represent the 

mean ± standard error of the mean (S.E.M). 

Results. 

Pretreatment with mAMPH caused a robust increase in Bdnf mRNA expression in the 

frontal cortex [F(1,34)=18.24, p<0.001]. There was no main effect of withdrawal time 
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[F(1,34)=1.662, p=0.2061] or pretreatment by withdrawal time interaction [F(1,34)=1.423, 

p=0.2412] (Figure 4-1a). There were significant main effects of both pretreatment [F(1,34)=13.49, 

p<0.001] and withdrawal time [F(1,34)=34.88, p<0.0001] on TrkB activation in the striatum, as 

well as a significant pretreatment by withdrawal time interaction [F(1,34)=33.75, p<0.0001]. 

Bonferroni-corrected post-hoc tests revealed a significant increase in striatal TrkB activation 18 

hours after cessation of mAMPH pretreatment (p<0.0001), but no difference between saline- and 

mAMPH-pretreated animals following 6 weeks of withdrawal (p=0.2192) (Figure 4-1b). 

 

Discussion. 

 The pattern of results observed here supports the hypothesis that chronic escalating 

methamphetamine exposure is sufficient to reopen a window of corticostriatal plasticity. When 

assessed 18 hours after the last dose of mAMPH, there was a significant increase in TrkB 

activation in the striatum, indicative of heightened plasticity and increased potential for learning 

about the environment. This state of elevated corticostriatal plasticity has ended after 6 weeks, 

though the potential for further plasticity remains, as indexed by elevated frontocortical Bdnf at 

this timepoint. These data are consistent with sensory plasticity, in which a perturbation in the 

Figure 4-1. BDNF/TrkB Signaling after mAMPH and Withdrawal. Exposure to methamphetamine caused a 
significant increase in Bdnf transcription in the frontal cortex, which persisted throughout withdrawal. When 
assessed 18 hours after cessation of mAMPH treatment, TrkB activity in the striatum was greatly elevated 
compared to controls, however this increased activity had returned to control levels 6 weeks later. 
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inputs to a sensory system can reopen critical windows and increase plasticity in response to 

subsequent perturbations (Knudsen 1998, Hofer et al. 2005). Though we did not assess plasticity 

following an acute mAMPH challenge in the present experiments, it is likely that the mAMPH-

pretreated animals would show elevated plasticity in response to a mAMPH challenge (indexed 

by striatal TrkB activation) compared to the drug-naïve controls. 

 Experience with mAMPH increases corticostriatal plasticity and the potential for 

learning about the reward environment during withdrawal. TrkB signaling is elevated in the 

striatum by mAMPH treatment. This is relatively unsurprising, since BDNF is released in an 

activity-dependent manner by glutamatergic neurons in the frontal cortex (Altar et al. 1997), and 

mAMPH exposure is known to increase corticostriatal glutamate release (Mark et al. 2004). 

Increased TrkB signaling is indicative of increased plasticity and reward learning, and critically, 

elevated TrkB signaling does not persist into protracted withdrawal. Though we did not here 

assess the timecourse of TrkB signaling, it has been reported that BDNF elevation in the striatum 

by dopaminergic stimulation lasts approximately 16 hours (Okazawa et al. 1992). The observed 

period of increased corticostriatal plasticity therefore coincides with the height of the acute 

withdrawal period. During this time, the animal is forming new associations and expectations 

about the environment, and the stress and dysphoria of acute withdrawal are likely being 

incorporated into those expectations. Thus, after the critical window has closed, the animal retains 

low expectations of environmental reward availability, setting the stage for positive contrast effects 

when future opportunities for reward are presented. 

Human mAMPH use does not closely track the regimen used here. Rats in the present 

experiments received 2 weeks of uninterrupted escalating mAMPH treatment prior to sudden 

discontinuation of the drug. Because of the consistency of this regimen, rats do not experience 

withdrawal until after the two week regimen. By contrast, periods of drug use in humans are often 

interrupted by periods of nonuse. Long-term mAMPH users report taking mAMPH an average of 
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12 days per month over the first 10 years of use, excluding interruptions due to incarceration 

(Hser et al. 2008). Experience with repeated withdrawals is therefore an integral part of the drug 

experience in humans, which may explain why many of the effects attributed to withdrawal in the 

present work have been attributed to a history of methamphetamine use in the past. Given the 

finding that frontocortical Bdnf expression remains elevated long after the initial exposure, it is 

likely that future drug-taking behavior would trigger additional periods of facilitated plasticity, as 

has been observed in sensory systems. 

It should here be noted that positive contrast effects in protracted withdrawal bear a 

striking similarity to incubation of craving during withdrawal (Grimm et al. 2001, 2005, Krasnova 

et al. 2014), with the only difference being the identity of the reward in question. Positive contrast 

effects may therefore be a general explanation for the special case of incubation of craving. It is 

known that striatal BDNF signaling during withdrawal is associated with incubation of craving 

(Grimm et al. 2003), and that increased TrkB signaling during withdrawal may be necessary for 

the phenomenon via the induction of corticostriatal plasticity in task-relevant neurons (Li et al. 

2015). Furthermore, upregulation of GluA2-lacking receptors, which is necessary for incubation 

of craving (Conrad et al. 2008), only occurs during prolonged withdrawal from a drug 

(McCutcheon et al. 2011). These findings further support a role for elevated corticostriatal 

plasticity during acute drug withdrawal in increased willingness to expend effort for reward in 

protracted withdrawal. 

Since TrkB is preferentially expressed on D2-expressing medium spiny neurons in the 

striatum (Baydyuk et al. 2011), it is likely that the increased plasticity resulting from mAMPH 

exposure is focused on the indirect pathway. Therefore increased glutamatergic and neurotrophic 

signaling during mAMPH exposure may contribute to the observed increase in D2 expression 

during pretreatment, and to the observed decrease in D2 expression during withdrawal (c.f. 

Chapter 3). It has been shown that low D2 is linked to the development of impulsive behavior, 
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and enhanced corticostriatal plasticity during withdrawal may provide a mechanism for this: stress 

and signals of low reward availability are encoded by the striatum via reductions in D2 expression 

during acute withdrawal, and this renders future decision-making impulsive. There is evidence 

that experience with a poor reward environment during a critical period decreases striatal D2 

expression, as rats raised in isolation show downregulation of postsynaptic D2 receptors in the 

nucleus accumbens in adulthood (Hall et al. 1998). These changes may be long-lasting because 

they occur during a critical window of corticostriatal plasticity; once the window closes, these 

changes are “stamped in” and behavior remains adapted to an environment of low reward 

availability. Future experiences with reward are treated as fleeting or rare exceptions to the 

strongly encoded poor reward environment, and positive contrast effects dominate behavior 

(McNamara et al. 2013). Future drug taking may reopen this window of plasticity, but it is again 

followed by withdrawal, further stamping in neural changes which indicate a negative reward 

environment. 

Opportunism: The Adaptive Value of Impulsivity 

While the adaptive utility of positive contrast effects in a poor reward environment is 

relatively clear, impulsive behavior seems to be at odds with this. If rewards have greater incentive 

value to an animal with a withdrawal-induced low estimation of environmental reward quality, why 

do these animals show steep delay- and effort-discounting when given a choice between 

rewards? And why are they more prone to risk large losses in pursuit of large rewards? Put 

another way, why do animals display impulsive tendencies after drug exposure and withdrawal 

rather than simple overvaluation of rewards? Notably, animals raised in impoverished conditions 

also behave impulsively (Perry et al. 2008, Kirkpatrick et al. 2013, 2014), suggesting that this is a 

common feature of decision making in animals with a low estimation of environmental reward 

quality, and not specific to an effect of the drug. 
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On one hand, it makes intuitive sense to be impulsive in impoverished or patchy 

environments. When opportunities for reward are scarce and/or of low quality, it is adaptive to 

discount possible future rewards and overvalue rewards that are more readily available. Indeed, 

it has been shown that patchy reward environments favor the development of short-sighted 

(impulsive) decision making strategies by reducing the long-term costs of impulsive choice 

(Stephens et al. 2004). Similarly, it is adaptive in such an environment to discount the value of a 

preferred reward that requires effort when an acceptable alternative is freely available, since effort 

expenditure carries physiologic costs in the form of energy loss (Nilsson 2002). In the context of 

foraging, impulsive behavior in these animals can be considered opportunistic: they tend to 

capitalize on reward opportunities when available, are generally more willing to expend effort for 

rewards, but are also more willing to settle for a less preferred but easier option. 

On the other hand, impulsive behavior can have consequences that are detrimental to 

fitness. Reward overvaluation and impulsiveness can play a role in the development of obesity 

(Nederkoorn et al. 2007), pathological gambling (Reynolds 2006), and problematic drug use (de 

Wit 2009), which may lead to illness or early death. Steep discounting of reward value as a 

function of delay or effort may contribute to relapse vulnerability when the drug is available; the 

value of maintained sobriety may be discounted below the value of a quick and easy high. 

Impulsive behavior in an impoverished reward environment was likely selected for because it 

improved reward-seeking and foraging efficiency, but reward-seeking in modern environments 

has been largely decoupled from reproductive success, and foraging behavior is only observed 

at low levels in modern humans. Increased impulsiveness resulting from mAMPH exposure and 

withdrawal may therefore be considered a maladaptive byproduct of an interaction between an 

adaptive trait and modern conditions. 

If impulsive effortful choice behavior in protracted mAMPH withdrawal results from 

enhanced encoding of the stressful and dysphoric state of acute withdrawal, we would expect that 
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animals that do not experience this state would not be rendered impulsive by mAMPH exposure. 

Though it is not possible to administer mAMPH without also subjecting an animal to withdrawal 

from the drug, there is evidence that many of the dysphoric and stressful aspects of drug 

withdrawal are mediated by increased signaling at the kappa opioid receptor by its endogenous 

ligand, dynorphin (Shippenberg et al. 2007). Additionally, the kappa opioid receptor antagonist 

norBNI has been shown to decrease depressive-like behavior seen in psychostimulant withdrawal 

(Chartoff et al. 2012). We therefore tested effortful decision making in animals pretreated with 

mAMPH then given either saline or the kappa opioid receptor antagonist JDTic during acute 

withdrawal. Consistent with the idea that the experience of withdrawal is necessary for the 

development of an impulsive behavioral strategy in this task, we found a significant interaction 

effect between pretreatment and JDTic on lever pressing [F(1,24)=7.763, p<0.05], and Bonferonni 

post-hoc analysis showed that there was no difference in lever-pressing behavior between saline- 

and mAMPH-pretreated animals that were treated with JDTic (Figure 4-2a). Interestingly, there 

was a significant interaction between pretreatement and JDTic on chow consumption 

[F(1,24)=6.227, p<0.05], such that JDTic significantly increased chow consumption in saline-

pretreated animals, but mAMPH-pretreated animals were unaffected (Figure 4-2b).  

 

Figure 4-2. Kappa Opioid Receptor Antagonism During Acute Withdrawal. Animals treated with mAMPH then 
given the kappa opioid receptor antagonist JDTic during acute withdrawal did not show steeper effortful discounting, 
supporting the assertion that stress and dysphoria during acute withdrawal contribute to impulsive behavior in 
protracted withdrawal. JDTic increased chow consumption in saline-pretreated animals, but did not significantly 
decrease lever pressing. 
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 These data support the hypothesis that impulsive behavior in protracted withdrawal from 

mAMPH results from the experience of stress and dysphoria in acute withdrawal. The kappa 

opioid receptor antagonist JDTic is able to attenuate impulsive behavior in protracted withdrawal, 

likely by alleviating the symptoms of acute withdrawal. Taken together, these data suggest that 

the brain has evolved a mechanism to increase foraging efficiency in uncertain environments by 

supporting opportunistic reward-seeking behavior when resources are estimated to be scarce or 

patchy, and that experience with mAMPH and withdrawal taps into this adaptive mechanism, 

increasing impulsive behavior in protracted withdrawal.  
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Chapter 5: Conclusions 

 A major barrier to treatment for methamphetamine-dependent people is an impaired ability 

to make good choices about continued drug use. These patients tend to act impulsively, meaning 

that they value short term or immediate rewards over their long-term goals, including sobriety and 

reintegration into social networks and the workforce. This tendency persists even long after they 

have stopped taking the drug, in a period of protracted withdrawal, and while preexisting 

impulsiveness is a strong predictor of drug use, exposure to mAMPH can induce impulsive 

behavior in animals with no history of impulsivity. It is likely that reductions in D2 expression in 

the striatum underlie this effect, and the experience of withdrawal seems to be necessary for both 

reductions in striatal D2 and impulsive behavior in protracted withdrawal. This change may be a 

consequence of an evolved mechanism which flexibly adjusts reward-seeking behavior to suit the 

reward statistics of whatever environment an animal may encounter. Exposure to mAMPH and 

acute withdrawal provide signals of patchy reward distribution and low overall reward availability, 

and behavior is adjusted accordingly. Impulsive choice behavior in protracted mAMPH withdrawal 

is therefore an expression of opportunistic foraging behavior. 

 The importance of the evolutionary approach should be emphasized. While proximate 

explanations for impulsive behavior are powerful, the importance of the withdrawal state only 

becomes clear once the behavior is placed into its evolutionary context. Questions about why 

natural selection has left the body vulnerable to disease and drug abuse are far more than 

academic minutiae: they can guide research and treatment by generating new predictions and 

perspectives on disease. 

 Based on the evolutionary hypothesis that impulsive behavior in protracted withdrawal 

results from an interaction between the experience of acute withdrawal and an evolved foraging 

mechanism, it is expected that any drug which elicits a robust withdrawal syndrome (or any 

experienced with reward poverty during a critical window) should be capable of rendering future 
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decision-making impulsive. Indeed, impulsive behavior is observed after exposure to many drugs 

of abuse, including cocaine, opioids, nicotine, and alcohol (Bickel et al. 2012), and in animals 

reared in impoverished environments (Perry et al. 2008, Kirkpatrick et al. 2013, 2014). Exposure 

to all of these drugs and to impoverished environments is also associated with decreased 

expression of D2 (Volkow et al. 1993, 1996, 2001, Wang et al. 1997, Fehr et al. 2008, Hall et al. 

1998). Conversely, the evolutionary approach, which emphasizes the withdrawal syndrome in 

both the development of impulsivity and decreased D2 expression, would predict that drugs which 

do not elicit a robust withdrawal syndrome would not be associated with such changes. Indeed, 

marijuana, which does not trigger a withdrawal syndrome upon cessation of use, is not associated 

with the development of impulsivity or with reductions in D2 (Smith 2002, Johnson et al. 2010, 

Stokes et al. 2012). These findings are consistent with the predictions generated by the 

evolutionary approach to understanding impulsivity in withdrawal. It should be noted that while 

the present work has all been in the context of mAMPH exposure and withdrawal, these effects 

are not unique to mAMPH or even to drugs of abuse; instead, mAMPH should be viewed as a 

tool used to experimentally induce the state of interest.  

 The results of this work also have important implications for the treatment of substance 

use disorders. If the dysphoric and stressful nature of withdrawal is responsible for subsequent 

impulsive behavior, it stands to reason that alleviation of this state can protect against relapse. 

Indeed, environmental enrichment has been shown to be protective against amphetamine self-

administration and reinstatement in rats (Green et al. 2002, Stairs et al. 2006). Currently in the 

United States, drug possession and intoxication is punished via incarceration, under the 

assumption that fear of incarceration will deter drug use. The current work suggests that this 

approach is unlikely to work, and it may actually contribute to relapse by forcing the drug-

dependent individual to undergo acute withdrawal in jail. A better approach might be to supply 

pharmacologic substitutions or alternative rewards to people with problematic drug use. 
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This approach has already been successful in the treatment of opioid dependence. 

Methadone substitution therapy has been shown to be effective for reducing heroin use and 

treatment retention in opioid-dependent patients, compared to detoxification without agonist 

replacement (Mattick et al. 2009). Buprenorphine, a partial agonist at the mu opioid receptor and 

antagonist at the kappa opioid receptor (Leander 1987, Walsh et al. 1995), is also effective at 

reducing heroin abuse (West et al. 2000), and may even be safer than methadone due to its lower 

efficacy. Misuse of buprenorphine via intravenous injection can be prevented by combining it with 

the potent opioid antagonist naloxone, which is inert if administered sublingually (Simojoki et al. 

2008). The current research showing that kappa antagonism during withdrawal prevents future 

impulsive choice behavior supports the use of buprenorphine in this context. Despite the benefits 

of its use, buprenorphine has not been widely adopted by substance abuse professionals, partly 

because of a lack of knowledge by treatment providers (Knudsen et al. 2005). There are also 

systemic barriers to the implementation of medication-assisted treatment for substance abuse, 

especially agonist substitution therapies. Fewer than 40% of publicly-funded substance abuse 

treatment programs provide medication-assisted therapy of any kind, largely due to lack of access 

to adequately trained medical personnel or inability to be reimbursed for the cost of medications 

used for substance abuse treatment (Knudsen 2011). Additionally, many states have imposed 

strict lifetime limits on buprenorphine therapy, which may contribute to relapse and overdose 

death by failing to account for the chronic, relapsing course of substance abuse disorders and 

thereby denying effective treatments to patients (Clark & Baxter 2013). Implementation of 

evidence-based policies and expanded access to medication-assisted therapies will likely 

improve clinical outcomes for opioid dependent patients. 

Unfortunately, there are currently no approved medications for substitution therapy in 

stimulant dependence. However, general reward substitution, in which patients are given weekly 

vouchers or monetary rewards for sustained abstinence, can be used. This treatment strategy, 
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called contingency management, has been shown to be highly effective at improving abstinence 

in mAMPH users (Rawson et al. 2006, Shoptaw et al. 2006, Roll et al. 2013). The success of this 

approach is likely due to two main factors. The first is related to impulsive choice tendencies in 

stimulant-dependent patients: the temporally distal and difficult to acquire rewards of long-term 

sobriety are replaced with temporally proximate and relatively easy to acquire rewards that are 

contingent on short-term abstinence. While the value of maintained sobriety is rapidly discounted 

as a function of delay and effort, the value of the smaller and more frequent rewards tends to 

remain higher than the value of a drug high. Because acquisition of these rewards is contingent 

on maintaining abstinence, the patient is able to suppress drug-seeking behavior to earn the 

rewards. Treatment adherence and abstinence can be improved by increasing reward magnitude 

as a function of continued consecutive negative drug tests, with resets for positive tests (Roll & 

Shoptaw 2006). The second likely factor in the success of contingency management is derived 

from the interpretation of mAMPH-induced behavioral changes as a manifestation of an adaptive 

foraging mechanism: provision of regularly-spaced rewards during withdrawal contributes to a 

normalized expectation of environmental reward density after exposure to mAMPH. This would 

be expected to decrease opportunistic or impulsive choice in protracted abstinence, ultimately 

improving treatment outcomes for mAMPH-dependent patients. 

While treatment options such as contingency management or medication-assisted 

therapies can do a great deal to help patients that have already developed substance abuse 

disorders, the best intervention for substance abuse from a public health standpoint is prevention. 

Since most adults with substance abuse disorders began using drugs in adolescence or young 

adulthood (Chambers et al. 2003), this time period represents an important target for prevention 

measures. The most widely implemented drug education program in the United States is the Drug 

Abuse Resistance Education (D.A.R.E.) program, which began in 1983 in Los Angeles and had 

been implemented in over 70% of all school districts in the United States within 15 years 
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(Rosenbaum & Hanson 1998). The core curriculum of the D.A.R.E. program brought uniformed 

police officers into elementary school classrooms to teach students skills such as resisting peer 

influence, building self-esteem, and avoiding media influences (Rosenbaum et al. 1994). While 

these strategies are all very valuable and may protect against drug use, only one of the 17 

D.A.R.E. lessons actually focused on drugs and their effects. The overall message conveyed by 

D.A.R.E. instructors was that all drugs were addictive and dangerous, and that students should 

“Just say no” when presented with opportunities for drug use. A series of outcome evaluations of 

the D.A.R.E. program showed that it was not effective at preventing drug use in adolescents 

(Ennett et al. 1994), and may even have increased the likelihood of drug use in some populations 

(Rosenbaum & Hanson 1998). Two factors stand out in the failure of the D.A.R.E. program. First, 

the classes were taught by a uniformed police officer who was seen as a figure of authority by the 

students. This may have induced a rebellious effect in some adolescent students, possibly 

increasing their likelihood of drug use. Second, the D.A.R.E. curriculum did not discuss 

differences between different drugs, instead treating them all as dangerous and harmful. This 

likely decreased the effectiveness of the overall program, as students who experimented with 

drugs such as marijuana or alcohol and found them to be relatively harmless were likely to 

subsequently disregard the other lessons taught by D.A.R.E. Taking lessons from the failure of 

the D.A.R.E. program, a school-based education intervention for substance abuse should use 

instructors close in age to the target audience, and should provide truthful, scientific information 

about the effects of drugs to empower students to make informed decisions about drug use. The 

DOPAteam at UCLA, which provides science communication instruction to undergraduate 

students who then give interactive presentations to local high school students, is an example of 

such program that has seen moderate success. 
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Future Directions and Final Notes 

 Several questions remain unanswered, and are ripe avenues for future study. Most 

pressing is the question of the timecourse of D2 changes. In order to accurately chart the changes 

in D2 expression induced by mAMPH exposure and withdrawal, measures with high temporal 

resolution are necessary. While this can be achieved through euthanasia at varying timepoints, 

the development of other innovative techniques, including imaging with microPET and MRI with 

magnetonanoparticles, will allow for this determination with minimal loss of animal life. Changes 

in the expression of D2 following agonist substitutions or contingency management should also 

be investigated. 

 A related topic for future research is charting the timecourse of corticostriatal plasticity 

following mAMPH exposure. Again, high temporal resolution is necessary to track near-real-time 

changes in TrkB activation in the striatum. This experiment is particularly important as it will allow 

for the precise delineation of the critical window for reward learning after mAMPH, which may aid 

treatment by specific targeting of interventions in this window. 

 The potential utility of kappa antagonists as therapeutics is also of continued interest. 

These drugs show incredible promise as novel antidepressants, anti-stress medications, and 

anxiolytics. The present work supports their use in the treatment of substance use disorders, 

especially buprenorphine, which is already approved as an opioid agonist replacement therapy. 

 Finally, the work presented serves as a case study in the importance of basic science 

research. There has been a growing trend in recent years to disparage scientific work without 

clear and immediate translational implications. This trend is epitomized by the annual release of 

the “Wastebook” by Senator Jeff Flake (R-AZ), formerly by Senator Tom Coburn (R-OK), which 

catalogs so-called “wasteful” spending by federal agencies including the NSF and NIH. This 

document frequently attacks funding for basic science by complaining that these projects will 
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never find a cure for cancer or solve any real problems facing Americans. However, the work 

presented in this dissertation adds to a growing pile of evidence that can change how substance 

abuse disorders are treated in this country, and it all began over 70 years ago with a man who 

received funding to find out how quickly rats ran for different amounts of reward. It is impossible 

to predict the state of science and medicine 70 years from now, but innovation will be stymied if 

we too readily discount the value of the long-term and often difficult accumulation of basic 

scientific knowledge for the sake of short-term projects with immediate results that easily translate 

to medical cures. 
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