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Abstract 

These studies were undertaken to better understand how repeated exposure to addictive 

drugs leads to adaptations in brain function and behavior related to the development of 

addiction. They are predicated on evidence that the mere presence of a drug in the body is 

not the sole determinant of adaptation – rather, the pattern of drug exposure is a key 

variable, with intermittent exposure making the brain reward system increasingly 

sensitive to drugs and leaving individuals susceptible to relapse. These experiments were 

designed to examine whether events occurring during the offset of drug action may 

contribute to the unique effects of intermittent drug exposure. The first series of 

experiments develops a set of behavioral measures that can be used to resolve and 

quantify a state of acute withdrawal caused by the offset of drug action. The second series 

of experiments utilizes these measures to investigate whether recurrent episodes of acute 

withdrawal contribute to the development of psychomotor sensitization – a specific 

consequence of intermittent drug exposure related to adaptations in the brain reward 

system. The final series of experiments describes a specific synaptic adaptation in a key 

component of the brain reward system (the nucleus accumbens) that is caused by 

intermittent drug exposure, related to the development of psychomotor sensitization, and 

reversed by experiences linked to relapse. The results of these studies suggests new and 

provocative interactions between neural circuits mediating reward and aversion, which 

may help identify and explain forms of neural plasticity that underlie the development of 

drug addiction. 
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Chapter 1: Introduction 

 

 Addiction to drugs of abuse and alcohol exerts a terrible personal toll on individual 

drug addicts as well as their families. The cost to society in terms of lost productivity, 

medical treatment, crime, and incarceration is also enormous. Over the past several 

decades, researchers have identified a large and growing number of alterations in brain 

function caused by addictive drug exposure (Hyman et al, 2006; Kalivas and O'Brien, 

2008; Koob and Kreek, 2007; Koob and Volkow, 2010; Robinson and Berridge, 2003; 

Self, 2004; Thomas et al, 2008; Williams et al, 2001; Wolf et al, 2004). These neural 

adaptations occur at nearly every level of brain organization, including changes in gene 

transcription and translation (Nestler, 2008), synaptic transmission (Kauer and Malenka, 

2007), signal transduction (Bonci and Carlezon, 2005), and cellular morphology 

(Robinson and Kolb, 2004) . This has led to an emerging consensus within the medical 

and scientific communities that addiction is a disease caused by drug-induced changes in 

brain function (Leshner, 1997; McLellan et al, 2000; Meyer, 1996). 

 One major challenge in the field of addiction biology is to understand how the brain 

adapts to chronic drug exposure, and which particular adaptations are most critical to the 

pathogenesis of addiction (Kalivas, 2005). Identifying and understanding these key 

adaptations may allow early interventions targeted at preventing the progression of 

addiction. A second major challenge is that once established, many drug-induced 

adaptations in brain function persist over long periods of time, even following abstinence 

from further drug use. These long-lasting adaptations mediate the enduring vulnerability 
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to relapse observed in recovering addicts (O'Brien, 1997). Identifying the persistent 

adaptations that confer vulnerability to relapse is a critical step towards developing 

therapeutic interventions that reverse or compensate for these adaptations (Kalivas et al, 

2008; Shaham and Hope, 2005). 

 

Addictive Drugs Commandeer Brain Reward Circuits 

 A cornerstone of modern research on addiction biology is that nearly all drugs 

abused by humans activate a specific brain pathway, consisting of dopaminergic neurons 

in the ventral tegmental area (VTA) and their projections to forebrain regions, including 

the nucleus accumbens (NAc) (Ikemoto, 2007). This “mesolimbic” dopamine pathway is 

normally activated by naturally rewarding events, such as the consumption of palatable 

food, sexual activity, or social interaction, leading to increased release of dopamine in 

NAc (Kelley and Berridge, 2002). This physiological event is an important source of 

positive reinforcement, leading organisms to repeat actions that promote survival. The 

specific psychological function of dopamine release remains controversial, but it has been 

associated with hedonic pleasure (Wise, 2008), learning processes (Schultz, 2007), and 

the attribution of incentive salience (Berridge, 2007). 

 In rodents, extracellular levels of dopamine in NAc are increased following 

exposure to nearly all abused drugs, including cocaine, amphetamine, morphine, ethanol, 

and nicotine (Di Chiara and Imperato, 1988). This common neurochemical event is 

mediated by a distinct mechanism of action for each class of drug. Nicotine acts by 

directly stimulating dopamine neurons in the VTA (Pidoplichko et al, 1997), whereas 
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morphine and other opiates inhibit GABAergic interneurons within the VTA, leading to 

disinhibition of dopamine neurons (Johnson and North, 1992). Cocaine and amphetamine 

act within NAc by blocking reuptake of dopamine by the dopamine transporter (Ritz et 

al, 1987), and in the case of amphetamine, by promoting reverse transport of dopamine 

from the presynaptic terminal to the extracellular space (Sulzer et al, 1993). 

 The effects of addictive drugs on the brain reward system can be studied using a 

variety of animal models. One such model is drug self-administration, where an animal 

learns to perform a specific operant response (such as pressing a lever) to receive 

infusions of a drug. Infusions are often administered intravenously (Collins et al, 1984), 

but self-administration is also supported by intracerebral infusions of drugs into discrete 

portions of the mesolimbic dopamine system (McBride et al, 1999). Another prominent 

animal model of drug reward is the place conditioning paradigm, where drugs are 

administered to an animal in the presence of discrete environmental cues (Bardo and 

Bevins, 2000). When given a choice, animals will spend more time in the presence of 

cues previously associated with drug exposure than in the presence of neutral cues, an 

effect known as conditioned place preference (CPP). Finally, dopamine release in NAc 

produces psychomotor stimulant effects in rodents, and changes in psychomotor 

activation (e.g., locomotor activity or stereotyped behavior) are commonly used as an 

index of dopamine release in the mesolimbic system (Wise and Bozarth, 1987). 

 The fact that both natural rewards and addictive drugs activate the mesolimbic 

dopamine system raises an important question: why does repeated drug use sometimes 

progress into compulsive drug abuse, whereas experience with natural rewards does not 
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typically progress to pathological behavior? One possibility is that the amount of 

dopamine released by drugs is much greater than natural rewards, and this quantitative 

difference explains why drugs are used compulsively (Kalivas et al, 2008). A related 

possibility is that dopamine release elicited by natural rewards typically habituates with 

repeated exposure, whereas dopamine released by drugs persists at a high level, leading 

to compulsive administration of drugs at the expense of natural rewards (Di Chiara, 1999; 

Redish, 2004). A third possibility, considered below, is that chronic drug use leads to 

adaptations in the mesolimbic dopamine system that alter the response to subsequent drug 

exposure. 

 Two distinct theoretical perspectives have dominated much of the literature 

examining how the rewarding effects of drugs are altered by chronic exposure (Koob and 

Le Moal, 1997). Early work in this area was motivated by the perspective that the 

rewarding effects of drugs are diminished by chronic use (Solomon and Corbit, 1974). In 

pharmacological terms, this process is defined as tolerance to drug reward – i.e., a 

reduced response to a given dose of a drug (Stewart and Badiani, 1993). A more recently 

articulated perspective suggests the opposite: that chronic drug use enhances certain 

aspects of drug reward (Robinson and Berridge, 1993). In pharmacological terms, this 

process is defined as sensitization – i.e., an increased response to a given dose of drug 

(Stewart et al, 1993). To reconcile these perspectives, it is necessary to examine the 

conditions that produce tolerance or sensitization of drug reward, as well as the relevance 

of these processes to human addiction.  
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Tolerance, Sensitization, and the Pattern of Drug Exposure 

 In preclinical studies, a variety of procedures are used to administer addictive drugs 

to animals, and the pattern of drug exposure plays an important role in determining the 

development of tolerance versus sensitization (Post, 1980). In many studies, a fixed dose 

of drug is delivered intermittently in the form of a single daily bolus injection. In other 

studies, drugs are delivered gradually and continuously over many days, often through 

subcutaneous implantation of slow-release pumps or pellets (Gold et al, 1994; Huberman 

et al, 1977; Joyner et al, 1993). There are some examples of otherwise continuous drug 

delivery being periodically interrupted, leading to discontinuous exposure (Azar et al, 

2004). High doses of a drug may also be administered multiple times a day, producing 

quasi-continuous exposure (Martin et al, 1963). In a large majority of cases, intermittent 

drug exposure produces sensitization of the brain reward system, whereas the same total 

amount of drug produces no change or tolerance when administered continuously. 

Evidence supporting this theme is drawn from studies using several different drugs and a 

variety of behavioral and neurochemical measures. 

 Psychomotor Activation.  The ability of drugs to elicit psychomotor activation, in 

the form of locomotor activity or stereotyped behavior, is commonly used as a behavioral 

index of dopamine release in the mesolimbic system (Wise et al, 1987). Adaptations in 

this system following chronic drug exposure can thus be measured indirectly by changes 

in psychomotor activation. A number of elegant studies have directly compared 

psychomotor responses following intermittent or continuous exposure to the same total 

dose of cocaine (Hope et al, 2005; King et al, 1992; Martin-Iverson and Burger, 1995; 
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Reith et al, 1987) or amphetamine (Ellison and Morris, 1981; Nelson and Ellison, 1978). 

All of these studies report that intermittent drug exposure produces psychomotor 

sensitization, whereas continuous exposure to the same amount of drug generally 

produces tolerance. This general pattern has been confirmed by a number of other studies 

separately examining the consequences of either continuous drug exposure (Inada et al, 

1992) or intermittent drug exposure (Post and Rose, 1976). 

 In the case of opiates, there have been no direct comparisons of psychomotor 

activity following intermittent versus continuous exposure to the same total dose. Single 

daily injections of morphine clearly result in psychomotor sensitization (Babbini and 

Davis, 1972). Results from studies employing continuous opiate exposure have been 

somewhat inconsistent, ranging from no change in psychomotor activity (Kunko et al, 

1998) to modest sensitization (Trujillo et al, 2004). However, several studies have 

compared single daily morphine injections with quasi-continuous drug exposure 

produced by multiple daily injections of escalating morphine doses (Contet et al, 2008; 

Eitan et al, 2003; Kuribara, 1996; Vanderschuren et al, 1997). These studies have 

consistently found that single daily injections produce more sensitization than multiple 

daily injections, even when the total amount of drug administered is higher following 

multiple daily injections. Thus, intermittent opiate exposure also promotes the 

development of psychomotor sensitization. 

 Drug Self-Administration and CPP. Although psychomotor activation is commonly 

used as an index of mesolimbic dopamine release, and by extension drug reward, the 

rewarding effects of drugs can also be directly assessed using self-administration and 
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CPP paradigms. A number of studies have shown that intermittent (i.e., once daily) drug 

exposure facilitates the subsequent acquisition of self-administration (Vezina, 2004) and 

CPP (Lett, 1989; Shippenberg and Heidbreder, 1995; Shippenberg et al, 1996), directly 

demonstrating sensitization to the rewarding effects of these drugs. In contrast, 

continuous or quasi-continuous drug exposure generally produces tolerance to the 

rewarding effects of drugs in these same paradigms (Hammer et al, 1997; Russo et al, 

2007; Shippenberg et al, 1988). These results provide a compelling parallel to the 

changes in psychomotor activation described above. 

 Mesolimbic Dopamine Release. Direct measurements of dopamine release in NAc 

and other mesolimbic structures have also demonstrated a differential impact of 

intermittent and continuous drug exposure. This neurochemical evidence complements 

the behavioral consequences of these drug exposure regimens. Once again, studies 

directly comparing intermittent and continuous exposure to the same total dose of a drug 

have shown that intermittent exposure enhances the release of dopamine (King et al, 

1993; Lee et al, 1998), whereas continuous exposure reduces the release of dopamine 

(King et al, 1993). This general pattern has been confirmed in a number of other studies 

examining the consequences of either continuous drug exposure (Inada et al, 1992; 

Izenwasser and Cox, 1992) or intermittent drug exposure (Izenwasser and Cox, 1990; 

Kalivas and Duffy, 1990). These treatments also produce differential effects on 

spontaneous activity of putative dopamine neurons in the VTA and substantia nigra (Gao 

et al, 1998). 

 Dopamine Receptor Signaling. Dopamine receptors are broadly classified as either 
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D1-like or D2-like based on their coupling to second messenger signaling pathways 

(Missale et al, 1998). Both types of receptors are located post-synaptically on 

dopaminoceptive neurons, but D2-like receptors are also localized to presynaptic 

dopamine terminals, where they function as autoreceptors that inhibit dopamine release. 

A decrease in sensitivity of these presynaptic D2-like autoreceptors may contribute to the 

enhanced dopamine release associated with sensitization. This “subsensitivity” of D2-like 

autoreceptors is only observed following intermittent drug exposure (Davidson et al, 

2000; Henry et al, 1989; Jones et al, 1996), whereas continuous drug exposure leads to 

supersensitivity of this same receptor population (Davidson et al, 2000; Jones et al, 1996; 

King et al, 1994) – potentially contributing to tolerance at the behavioral level. 

 Intermittent cocaine exposure is also associated with an enhanced sensitivity of 

post-synaptic D1-like dopamine receptors in NAc (Henry and White, 1991), as well as an 

upregulation of related signaling molecules, including adenylyl cyclase and protein 

kinase A (Terwilliger et al, 1991). In direct contrast, continuous cocaine exposure leads 

to a decrease in D1-like receptor density (Neisewander et al, 1994) and function (Keys 

and Ellison, 1994). Again, these opposing effects on cell signaling pathways could 

contribute to the opposite behavioral effects of continuous drug exposure (i.e., tolerance) 

and intermittent drug exposure (i.e., sensitization). 

 

Sensitization, Tolerance, and Human Addiction 

 Given these marked differences in the behavioral and neurobiological consequences 

of intermittent and continuous drug exposure, it is important to ask which mode of drug 
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administration more accurately mirrors the pattern of human drug abuse. Casual or 

recreational drug use, like the occasional glass of red wine with dinner, is an obviously 

intermittent activity. As casual drug use transitions to compulsive drug abuse during the 

development of addiction, drug administration becomes more and more frequent. In the 

case of cocaine, drug use often occurs in “binges” of repeated administration in rapid 

succession (Gawin, 1991). For this reason, some have argued that continuous drug 

delivery may provide the most valid model of human drug abuse (King et al, 1992). 

 Yet even compulsive drug abuse is an inherently intermittent activity, routinely 

interrupted by periods of sleep, limited drug supply, and attempts at abstinence (Baker et 

al, 2004; Dole et al, 1966; Haertzen and Hooks, 1969; Koob et al, 2007). Human drug 

abuse therefore exists on a continuum of intermittency, ranging from completely 

intermittent to relatively continuous, but is almost never absolutely continuous. Indeed, 

entirely continuous and uninterrupted forms of drug delivery, like the nicotine patch or 

methadone maintenance, have low addictive liability and are used in the therapeutic 

treatment of drug withdrawal and craving (Dole et al, 1966; Henningfield and Keenan, 

1993; NCDPEMTOA, 1998). Thus the consequences of intermittent drug exposure, 

including sensitization of the brain reward system, are likely to be of primary importance 

for understanding human addiction. This is particularly true during the incipient phase of 

addiction, when drug administration is especially intermittent. 

 From this perspective, several other aspects of reward system sensitization are 

pertinent to human drug addiction. First, intermittent exposure to one type of drug often 

produces sensitized behavioral responses to other types of drugs. This phenomenon, 
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known as “cross-sensitization”, is observed for the psychomotor-activating effects of 

drugs (Kalivas and Stewart, 1991) as well as for drug reward (Lett, 1989; Shippenberg et 

al, 1995; Shippenberg et al, 1996), strongly suggesting that sensitization produced by 

various drugs is mediated by a common neural substrate. Importantly, previous exposure 

to stress can also cross-sensitive behavioral and neurochemical responses to drugs 

(Kalivas et al, 1991). Cross-sensitization between stress and drugs is particularly 

intriguing because stressful life experience is an important predisposing factor for the 

development of addiction (Lu et al, 2003; Sinha, 2001). 

 Second, sensitization of the brain reward system can last for extremely long periods 

of time following intermittent drug exposure. In rodents, psychomotor sensitization 

produced by daily drug injection has been reported to last at least six months for 

morphine (Pollock and Kornetsky, 1996), and at least a year for amphetamine (Paulson et 

al, 1991). In contrast, the tolerance that develops following continuous drug exposure is 

generally transient, with responses returning to baseline levels in the days following 

termination of drug exposure (Emmett-Oglesby et al, 1993; Hope et al, 2005; Russo et al, 

2007). The persistence of sensitization suggests its underlying neural substrates could 

contribute to the enduring vulnerability to relapse observed in human addicts. Indeed, 

several reports have suggested that the expression of behavioral sensitization is 

associated with relapse in animals models (De Vries et al, 1998; De Vries et al, 2002). 

Animals that have previously been exposed to sensitizing drug regimens also exhibit 

enhanced responding in these same relapse models (Vezina, 2004). This and other 

evidence has led to the proposal that sensitization may represent a model of the 
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intensification of drug craving that develops in human drug addicts, including the 

transition from casual to compulsive drug use as well as enduring vulnerability to relapse 

(Robinson et al, 1993). 

 

Intermittency: A Clue to the Mechanism of Sensitization 

 Identifying the neural adaptations that mediate the development of sensitization and 

understanding how these adaptations develop represents an important focus of research in 

addiction biology. As discussed above, sensitization is not an inevitable consequence of 

drug exposure. Rather, the development of sensitization depends critically on the pattern 

of drug exposure, indicating that adaptations in behavior are not merely due to the 

presence of drug in the system. While it has long been recognized that sensitization is a 

unique consequence of intermittent drug exposure (Post, 1980; Robinson and Becker, 

1986; Robinson et al, 1993; Stewart et al, 1993), very few studies have leveraged this 

fact to investigate the mechanisms underlying the development of sensitization. 

 One mundane possibility is that intermittent and continuous drug exposure lead to 

metabolic changes that alter the amount of drug reaching the brain, thereby explaining 

changes in behavioral sensitivity. However, a number of studies directly examining this 

issue have found no difference in brain drug levels following either continuous or 

intermittent exposure (Inada et al, 1992; Kalivas and Duffy, 1987; Reith et al, 1987; 

Robinson et al, 1986). Thus tolerance and sensitization at the behavioral level cannot be 

explained by changes in the pharmacokinetic disposition of the drug, and must instead be 

related to adaptations in brain function caused by different patterns of drug exposure. 
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 Considering that intermittent drug exposure leads to sensitization while continuous 

drug exposure does not, there are several salient differences between these two patterns 

of drug administration. While continuous exposure produces consistent low levels of drug 

in the brain, drug levels rise and fall dynamically over the course of intermittent 

exposure. Thus the onset and offset of drug action associated with each exposure may 

contribute to the unique effects of intermittent treatment, including sensitization of the 

brain reward system. Evidence supporting the contribution of each of these variables will 

be reviewed in turn. 

 Onset of Drug Action. In many studies where drugs are administered intermittently, 

there is an implicit assumption that acute drug actions are responsible for changes in 

brain function and behavior. This includes the immediate interaction of drugs with their 

molecular targets and downstream events, such as increased extracellular dopamine 

levels in NAc. One intriguing line of evidence supporting the contribution of drug onset 

is that the rate at which a drug is administered has a profound influence on addictive 

liability (Samaha and Robinson, 2005a). Several studies that specifically manipulated the 

rate of drug administration found that rapid drug delivery promotes the development of 

psychomotor sensitization to cocaine (Samaha et al, 2002; Samaha et al, 2004) as well as 

nicotine (Samaha et al, 2005b). Rapid drug delivery also promotes a more rapid rise in 

extracellular dopamine levels in the striatum (Ferrario et al, 2008), and facilitates the 

induction of immediate early gene expression (Ferrario et al, 2008; Samaha et al, 2004; 

Samaha et al, 2005b). One caveat to these studies is that increasing the speed of drug 

infusion may influence the rate of drug offset as well as drug onset, making it difficult to 



 

 13 

disentangle the relative contribution of these two factors. 

 Offset of Drug Action. Following a single bolus exposure, drug levels rise, but then 

fall as the drug is metabolized and excreted – what goes up must come down. The offset 

of drug action leads to a state of withdrawal defined by a constellation of physical and 

emotional components. Physical signs of withdrawal are prominent for some drugs (e.g., 

opiates and alcohol) but not others (e.g., psychostimulants). However, withdrawal from 

nearly every type of addictive drug is associated with a state of emotional distress, 

including symptoms of anxiety, irritability, and dysphoria. Symptoms of withdrawal are 

often associated with the termination of chronic drug exposure, but it is important to note 

that withdrawal states can be detected following just a single exposure to an addictive 

drug in humans (Breiter et al, 1997; Kirby and Stitzer, 1993; Van Dyke and Byck, 1982). 

 A number of animal models have been developed to study the negative emotional 

consequences of drug withdrawal. The acoustic startle reflex is an established measure of 

fear and anxiety in humans as well as animals (Lang et al, 2000), and has more recently 

been utilized to examine the anxiety-like consequences of drug withdrawal (Cabral et al, 

2009; Harris and Gewirtz, 2004a; Kalinichev and Holtzman, 2003). The place 

conditioning paradigm can also be used to study the aversive aspects of drug withdrawal 

(Carlezon, 2003). If animals experience withdrawal in the presence of discrete 

environmental cues, they will spend less time in the presence of those cues than in the 

presence of neutral cues, an effect known as conditioned place aversion (CPA). 

 The notion that salient events may occur during the offset of drug action is 

somewhat underappreciated in the field of addiction biology. This is particularly true for 
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research on sensitization of the reward system, where no studies to date have considered 

whether events occurring during the offset of drug action may contribute to this unique 

effect of intermittent drug exposure. However, events that occur during withdrawal are 

important for some other unique consequences of intermittent drug exposure. For 

example, daily injection of morphine has been reported to produce physiological changes 

that mirror the effects of chronic stress (Houshyar et al, 2003; Houshyar et al, 2004). 

These physiological changes are not observed following continuous morphine treatment 

(Lightman and Young, 1988; McNally and Akil, 2002; Milanes et al, 1997; Zhou et al, 

1996), indicating they are a specific consequence of intermittent administration. These 

authors (Houshyar et al, 2003; Houshyar et al, 2004) proposed that brain stress systems 

are activated during withdrawal following each morphine injection, and the repeated 

expression of this withdrawal state contributed to the chronic stress phenotype. 

 A second example concerns the effects of chronic exposure to ethanol. Anxiety-like 

behavior during ethanol withdrawal can be quantified using a variety of behavioral 

measures, including decreases in social interaction (File and Hyde, 1978). In an elegant 

series of studies, Breese and colleagues have shown that anxiety-like behavior is more 

intense following three “cycles” of ethanol exposure separated by drug-free periods, 

when compared to continuous exposure to the same total dose of ethanol (Breese et al, 

2005a). The increase in anxiety-like behavior was attributed to the repeated experience of 

withdrawal during discontinuous ethanol exposure (Overstreet et al, 2002). Furthermore, 

the imposition of stressful experience on top of continuous ethanol exposure also 

increases anxiety-like behavior during withdrawal, suggesting activation of brain stress 
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systems can substitute for the repeated experience of withdrawal (Breese et al, 2004). 

 These illuminating examples raise the possibility that activation of brain stress 

systems during withdrawal could contribute to the development of reward system 

sensitization during intermittent drug exposure. This possibility has not been explicitly 

examined in any study to date. However, recurrent activation of brain stress systems 

during episodic withdrawal may explain why both intermittent drug exposure and 

stressful experience produce similar adaptations (i.e., sensitization) in the mesolimbic 

dopamine system (Kalivas et al, 1991).  

 

Stress, Reinstatement, and Relapse 

 In addition to promoting the development of addiction, stressful experience can 

trigger relapse in recovering drug addicts, even following long periods of abstinence (Lu 

et al, 2003; Sinha, 2001). The enduring vulnerability to relapse in human drug addicts 

may be mediated by the same adaptations in the brain reward system that cause 

sensitization in animals (Robinson et al, 1993; Vezina, 2004). A prominent animal model 

of relapse is the reinstatement paradigm (Shaham et al, 2003). This paradigm was first 

developed using drug self-administration (de Wit and Stewart, 1981), where animals 

learn to perform an operant response to obtain drug and are subsequently exposed to 

extinction conditions where the operant response no longer leads to drug. Extinction 

conditions cause the number of responses to decrease over time, but stimuli that trigger 

relapse in human addicts (stress, exposure to drug-related cues, or drug re-exposure) can 

reinstate high levels of responding. This parallel with human drug addiction is a major 
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reason the reinstatement paradigm is used to model relapse (Shaham et al, 2003). 

Another variant of this paradigm uses CPP, which can be also extinguished and 

subsequently reinstated by either drug re-exposure (Itzhak and Martin, 2002; Mueller and 

Stewart, 2000) or stress (Kreibich and Blendy, 2004). 

 Over the past decade, research utilizing the reinstatement paradigm has 

substantially expanded our understanding of the neurobiological substrates of relapse (Lu 

et al, 2003; Schmidt et al, 2005; See, 2005). The mesolimbic dopamine circuit plays a 

key role in reinstatement (Kalivas and McFarland, 2003; Self, 2004), and NAc appears to 

be a particularly important site of long-lasting adaptations that mediate enduring 

vulnerability to relapse (Kalivas and Volkow, 2005). This same pattern also holds for 

psychomotor sensitization, where adaptations in NAc appear to mediate the persistent 

expression of established sensitization (Pierce and Kalivas, 1997). 

 While dopamine signaling in NAc plays a key role in the acute rewarding effects, 

there is emerging evidence that changes in NAc glutamate transmission play a prominent 

role in enduring vulnerability to relapse (Kalivas, 2009). Manipulations of NAc 

glutamate transmission have a profound influence on reinstatement in animal models 

(Anderson et al, 2008; Bachtell et al, 2008a; Cornish et al, 1999; Cornish and Kalivas, 

2000; Famous et al, 2008; Park et al, 2002; Suto et al, 2004; Sutton et al, 2003), whereas 

inconsistent results have been reported regarding manipulations of dopamine signaling 

(Cornish et al, 2000; Schmidt et al, 2005). A number of these studies have also 

documented biochemical changes in glutamate receptors and signaling molecules using 

the reinstatement model, but very few studies have directly examined excitatory synaptic 
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transmission using cellular electrophysiology methodology (Conrad et al, 2008; Martin et 

al, 2006; Moussawi et al, 2009). 

 Since some common adaptations appear to mediate both reward system 

sensitization and enduring vulnerability to relapse, our understanding of relapse 

vulnerability may be informed by changes in excitatory synaptic transmission in NAc 

associated with intermittent regimens of cocaine exposure that cause sensitization (Kauer 

et al, 2007). A common theme across many of these studies is dynamic changes in 

AMPA receptor (AMPAR)-mediated signaling, which plays an important role in both the 

expression of psychomotor sensitization and relapse in the reinstatement model (Thomas 

et al, 2008). Intermittent cocaine exposure regimens that produce psychomotor 

sensitization also increase AMPAR-mediated currents during a period of withdrawal 

(Kourrich et al, 2007; Mameli et al, 2009), and animals that develop sensitization have 

increased expression of AMPAR subunits on the cell surface (Boudreau et al, 2007; 

Boudreau and Wolf, 2005). In stark contrast, re-exposing these animals to cocaine leads 

to a reversal of the increase in both AMPAR-mediated currents (Kourrich et al, 2007) 

and cell surface expression of AMPAR subunits (Boudreau et al, 2007). This change is 

intriguing because re-exposure to cocaine is associated with reinstatement in animal 

models and promotes relapse in humans (Shaham et al, 2003), but it is not known if other 

experiences linked to relapse (such as stress) cause similar synaptic adaptations. 

 

Outline of Experiments 

 The studies described herein address the key issues highlighted above: how does 
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the brain adapt to chronic drug exposure, what specific adaptations are crucial to the 

development of addiction, and how do these adaptations mediate enduring vulnerability 

to relapse? The first series of experiments characterizes a set of behavioral measures that 

quantify signs of withdrawal developing spontaneously during the offset of acute 

morphine exposure. The second series of experiments examines whether episodic 

expression of this acute withdrawal state contributes to the development of psychomotor 

sensitization – a specific consequence of intermittent drug exposure. A final series of 

experiments describes specific cellular adaptations in NAc associated with the 

development of psychomotor sensitization, and their potential role in models of relapse. 

In total, these studies represents an attempt to comprehensively examine adaptations in 

both brain function and behavior caused by chronic drug exposure, beginning with the 

first drug administration, progressing through repeated administration, and ending with 

relapse. 
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Chapter 2: Distinct Profiles of Anxiety and Dysphoria during Spontaneous Withdrawal 

from Acute Morphine Exposure 

 

Introduction 

The negative motivational aspects of withdrawal from chronic drug exposure 

contribute to the maintenance of established drug addiction (Koob and Le Moal, 2008), 

but negative emotional states also emerge following acute drug exposure (Breiter et al, 

1997; Kirby et al, 1993; Van Dyke et al, 1982). These episodes of acute withdrawal are a 

recurrent and integral component of human drug use (Baker et al, 2004), emerging after 

occasional drug use or when ongoing drug intake is interrupted by sleep or periods when 

drug supply is limited (Dole et al, 1966; Haertzen et al, 1969). Alleviation of acute 

withdrawal may motivate further drug use, and changes in neural activity during acute 

withdrawal could contribute to drug-induced alterations in physiology and brain function 

(Houshyar et al, 2003; Houshyar et al, 2004). Withdrawal from acute opiate exposure can 

be precipitated by opiate receptor antagonists (for review, see Harris and Gewirtz, 2005), 

but in the context of human opiate abuse, withdrawal emerges spontaneously in the 

absence of an antagonist. Despite this fact, surprisingly few preclinical models have been 

developed to study the spontaneous emergence of withdrawal following acute opiate 

exposure. This study describes distinct profiles of anxiety and dysphoria in rats that 

emerge spontaneously following acute exposure to morphine. 
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Withdrawal from chronic drug use produces symptoms of both anxiety and 

depression, including restlessness, irritability, dysphoria, and anhedonia (American 

Psychiatric Association, 2000; Haertzen et al, 1969). The acoustic startle reflex is a 

validated measure of anxiety in both animals and humans (Lang et al, 2000), and is 

elevated in rodents during spontaneous withdrawal from acute morphine exposure (i.e., 

withdrawal-potentiated startle; Harris et al, 2004a). Other spontaneous signs of acute 

morphine withdrawal in rodents, including conditioned place aversion (CPA) (Bechara et 

al, 1995) and increased thresholds for intracranial self-stimulation (ICSS) (Liu and 

Schulteis, 2004), may reflect states of dysphoria or anhedonia associated with depression 

(Barr et al, 2002; Carlezon and Chartoff, 2007; Land et al, 2008b). Given the growing 

number of experimental dissociations between anxiety- and depression-like behavior in 

rodents (Bosch et al, 2008; Land et al, 2008a; Nestler and Carlezon, 2006; Sahuque et al, 

2006; Wallace et al, 2009), as well as distinctions between clinical disorders of anxiety 

and depression (American Psychiatric Association, 2000; Goldberg, 2008; Kessler et al, 

2008; Krueger, 1999), it is important to distinguish between these specific negative 

affective components of opiate withdrawal, as they may not necessarily coincide with one 

another. 

To address these issues, we have further characterized spontaneous withdrawal-

potentiated startle and compared its time course with that of spontaneous CPA. We show 

that spontaneous withdrawal-potentiated startle appears related to a decrease in opiate 

receptor occupancy and has an anxiety-like pharmacological profile that resembles other 

measures of opiate withdrawal. However, startle potentiation emerges while rats still 
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exhibit conditioned place preference (CPP), demonstrating an increase in anxiety-like 

behavior before the rewarding effects of morphine have subsided. In contrast, 

withdrawal-potentiated startle and CPA develop concurrently when withdrawal is 

precipitated by naloxone (an opiate receptor antagonist). These results indicate that 

anxiogenic and dysphoric manifestations of acute morphine withdrawal reflect changes in 

distinct neural systems. These negative emotional states accompany the earliest stages of 

drug exposure, are likely a recurrent feature of intermittent drug use in humans, and thus 

may contribute significantly to the development of addiction. 

 

Materials & Methods 

 

Subjects 

 Male Sprague-Dawley rats (Harlan) were housed in groups of 4-5 in metal cages 

with a 12 hour light/dark cycle (light on 0800-2000 hours) and free access to food and 

water except during testing. Rats were allowed to acclimate to housing conditions for two 

weeks after arrival, were gently handled for two consecutive days prior to any testing, 

and weighed 250-350g at the beginning of each experiment. All procedures conformed to 

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

were approved by the University of Minnesota Institutional Animal Care and Use 

Committee. 

 

Drugs 
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 Morphine sulfate was provided by the National Institute on Drug Abuse 

(Rockville, MD). Naloxone, chlordiazepoxide, and R,S-propranolol hydrochlorides were 

obtained from Sigma (St. Louis, MO). LY235959 was obtained from Tocris (Ellisville, 

MO). All drugs were dissolved in 0.9% saline (except propranolol, which was dissolved 

in water) and injected (i.p.) in a volume of 1 mL/kg body weight. Over the course of 

these studies, we shifted to s.c. administration of morphine and naloxone to be consistent 

with the majority of other work in this field (Houshyar et al, 2003; Houshyar et al, 2004; 

Schulteis et al, 1994). We directly compared i.p. and s.c. morphine injections in several 

experiments and found no significant differences between routes of administration (data 

not shown), so results from both routes of administration have been pooled. All drug 

doses are expressed as the weight of the salt. 

 

Acoustic Startle 

 Acoustic startle was tested in four identical plastic cages (17 x 8.5 x 11 cm) 

resting on compression springs and located within individual ventilated sound-attenuating 

chambers. Cage movement resulted in displacement of a piezoelectronic accelerometer 

(Model ACH-01, Measurement Specialties, Valley Forge, PA) attached to each cage. 

Voltage output from the accelerometer was filtered and amplified by a custom-built 

signal processor, digitized on a scale of arbitrary units ranging from 0-1000 (National 

Instruments SCB100 and PCI-6071E boards), and recorded using Matlab (The 

MathWorks, Natick, MA). Startle amplitude was defined as the peak accelerometer 

voltage during the first 200 ms after onset of the startle stimulus. High frequency 
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speakers (Radio Shack Supertweeters, range = 5-40 kHz) located 10 cm beside each cage 

delivered the startle stimuli, which were 50-ms bursts of filtered white noise (low pass: 

22 kHz, rise-decay <5 ms) at intensities of 95 or 105 dB. Ventilating fans elevated 

background noise to approximately 60 dB. 

Acoustic startle was tested on each of two days prior to drug exposure. For each 

test session, rats were placed in the startle chambers for a 5-minute acclimation period, 

and then presented with 40 startle stimuli (20 each at 95 or 105 dB in semi-random order) 

with a 30-second inter-stimulus interval. Average startle amplitudes from the second day 

were used to match animals into experimental groups with similar overall mean startle 

amplitudes. Each day of drug testing began with a baseline startle session prior to any 

drug injections. Several experiments involved startle testing over multiple days using 

Latin Square or crossover designs; details are provided in figure legends. All drug 

injections were given in the colony, and rats remained in their home cage between drug 

injections and startle tests. 

 

Place Conditioning 

 Our place conditioning apparatus and procedure were developed according to 

published recommendations (Bardo et al, 2000; Carlezon, 2003; Cunningham et al, 

2006). The apparatus consists of a rectangular plastic cage (40 cm x 20 cm x 20 cm) 

divided into two sides by a central partition. Each side has a distinct floor texture and 

wall color: metal bars paired with white walls, and wire mesh paired with black striped 
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walls. Each rat’s position within the apparatus was monitored by an overhead video 

camera connected to a computer running AnyMaze software (Stoelting, Wood Dale, IL). 

 Rats were transported to the place conditioning room and allowed to acclimate for 

at least 10 minutes prior to every experimental session. Each experiment began with a 10-

minute baseline session in which rats were free to move between both sides of the 

apparatus. The rats used in these studies spent an average of 320 seconds (53.4%) on the 

bar side during the baseline session; two rats with >75% baseline preference for one side 

were excluded from further study. The side of the apparatus paired with drug treatment 

was counterbalanced within each experiment, yielding an unbiased procedure in which 

rats spend ~50% of the baseline session on the side to be paired with drug. 

 Daily conditioning sessions began 24 hours after the baseline session. Details 

concerning the number, duration, and order of conditioning sessions are provided in 

figure legends. Twenty-four hours after the last conditioning session, a 10-minute test 

session was conducted in which rats were free to move between both sides of the 

apparatus. We chose to express place conditioning results in terms of percent time spent 

on the drug-paired side, rather than using a difference score measured in seconds, 

because percentage measures are relatively independent of the length of the testing 

session and thus facilitate comparisons across studies. 

 

Data Analysis 

 Startle data were collapsed across both intensities (95/105 dB) before statistical 

analysis (Harris et al, 2004a), since the magnitude of withdrawal-potentiated startle was 
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not affected by stimulus intensity (data not shown). In each experiment, we first 

conducted one-way analysis of variance (ANOVA) to verify similar baseline startle 

amplitude between experimental groups; there were no differences in baseline startle 

between groups in any experiment (data not shown). Changes in startle following 

morphine administration were calculated as percent change from baseline on the same 

day (Walker and Davis, 2002b). For experiments that utilized a crossover design, 

baseline startle amplitude was similar on both days of testing, so an average baseline 

value was used to calculate percent change on each individual day. An area under the 

curve measure for total withdrawal severity was calculated for each individual subject by 

adding together percent change in startle across all time points tested; mean and standard 

error were then calculated for all subjects in each group. 

 All data were analyzed using factorial ANOVA, with repeated measures on 

within-subject factors. For main effects or interactions involving repeated measures, the 

Huynh-Feldt correction was applied to control for potential violations of the sphericity 

assumption. Significant interactions were followed with tests for simple effects (Keppel 

and Wickens, 2004). When appropriate, significant main effects were followed with 

polynomial trend analysis. All statistical analysis was conducted using SPSS (version 

13.0) with a Type I error rate of α = .05 (two-tailed). Group sizes for each experiment are 

indicated in figure legends. 

 

Results 
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Figure 1. Startle time course during spontaneous and naloxone-precipitated withdrawal from acute 
morphine administration. (A) Top: Experimental timeline – baseline startle was tested before initial 
injection of morphine (Mor; 10 mg/kg), followed two hours later by injection of naloxone (Nx; 2.5 mg/kg) 
or saline (Sal). Startle was tested 2, 3, 4, or 5 hours after initial injection. Bottom: Percent change in startle 
following injection of Mor alone (filled circles) or Mor + Nx (open circles). (B) Top: Experimental timeline 
– parallel control groups were injected with Sal at 0:00. Bottom: Percent change in startle following 
injection of Sal alone (filled squares) or Sal + Nx (open squares). Startle was tested at one time point each 
day over the course of four days using a Latin Square design; drug treatment remained the same on each 
day of testing. All data represent mean +/- SEM. * Significant difference between groups (8-16 rats/group) 
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Startle Time Course during Spontaneous and Naloxone-Precipitated Withdrawal 

 Startle was tested 2-5 hours after acute administration of morphine (10 mg/kg), 

with some rats receiving naloxone (2.5 mg/kg) just before the 2:00 startle test (Figure 

1A). Startle was significantly potentiated 4-5 hours after injection of morphine alone, 

consistent with our previous report that also showed startle returns to baseline six hours 

after this dose of morphine (Harris et al, 2004a). Naloxone caused an immediate but 

transient potentiation of startle at 2:00, with no change from baseline 3-5 hours after 

morphine injection [Naloxone x Time interaction: F3,78 = 12.19, p < .001]. This dose of 

naloxone was selected based on our previous work (Harris et al, 2004b) in an effort to 

completely displace morphine from the opiate receptor. There were no significant 

changes in startle after injection of saline or naloxone alone (Figure 1B) [Naloxone x 

Time interaction, F3,66 < 1]. 

 It is noteworthy that the peak magnitude of spontaneous withdrawal (4:00: 61.0 

+/- 11.6%) was significantly larger than the peak magnitude of naloxone-precipitated 

withdrawal (2:00: 29.8 +/- 9.0%) [t28 = 2.23, p = .034]. This difference was more 

pronounced when comparing total withdrawal severity, measured as area under the curve 

across all time points tested (spontaneous: 102.2 +/-19.5%; precipitated: 24.9 +/- 21.0%) 

[t28 = 2.67, p = .013]. The difference in total withdrawal severity was partly driven by the 

absence of spontaneous startle potentiation at later time points after naloxone 

administration (Figure 1B). 

 

Morphine Re-exposure Delays Startle Potentiation 
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Figure 2. Morphine re-exposure delays the onset of startle potentiation. (A) Experimental timeline: 
baseline startle was tested before initial injection of morphine (Mor; 10 mg/kg) or saline (Sal), followed 
three hours later by a second injection of Mor or Sal. Treatment combinations are shown in the box 
between panels B and C; gray bars indicate Mor injection at 0:00. (B) Startle test four hours after initial 
injection. (C) Startle test seven hours after initial injection in the same group of animals. Startle was tested 
over two days using a crossover design; the initial injection was the same on both days, while the second 
injection changed each day in counterbalanced order. * Significant increase compared to saline control 
group; # significant decrease compared to morphine alone (17 rats/group). 
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 If startle potentiation represents a withdrawal effect, it should be blocked by re-

exposure to morphine (Figure 2A). Indeed, the startle potentiation normally observed 

four hours after an initial morphine injection was prevented by a second injection of 

morphine three hours after initial injection (Figure 2B) [Initial Injection x Second 

Injection interaction: F1,32 = 11.07, p = .002]. We conducted a second startle test in the 

same animals seven hours after the initial injection (Figure 2C). Both groups that 

received a second injection of morphine (i.e, four hours earlier) showed significant startle 

potentiation at this time [main effect of Second Injection: F1,32 = 76.11, p < .001; 

interaction: F1,32 < 1]. Thus, morphine re-exposure does not prevent startle potentiation, 

but delays its onset until opiate receptor occupancy eventually decreases. 

 

Pharmacological Profile of Spontaneous Withdrawal-Potentiated Startle 

We next examined whether anxiolytic drugs attenuate spontaneous withdrawal-

potentiated startle. Both chlordiazepoxide (a benzodiazepine) and propranolol (a beta-

adrenergic receptor antagonist) prevent other forms of startle potentiation (Walker and 

Davis, 2002a) at the same doses used here (10 mg/kg), and also decrease anxiety-like 

behavior in a number of other behavioral paradigms (Cole and Koob, 1988; Harris and 

Aston-Jones, 1993a, b; Knoll et al, 2007; Rodriguez-Romaguera et al, 2009). 

Administration of chlordiazepoxide prevented spontaneous withdrawal-potentiated startle 

(Figure 3A) [Morphine x Chlordiazepoxide interaction: F1,30 = 5.49, p = .026], as did 

administration of propranolol (Figure 3B) [Morphine x Propranolol interaction: F1,20 = 
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5.91, p = .025]. Neither anxiolytic drug affected startle amplitude in the absence of 

morphine. 

Figure 3. Anxiolytic drugs (chlordiazepoxide 
and propranolol) prevent spontaneous 
withdrawal-potentiated startle. (A) Baseline 
startle was tested before initial injection of 
morphine (Mor; 10 mg/kg) or saline (Sal), 
followed 3.5 hours later by injection of 
chlordiazepoxide (CDZ; 10 mg/kg) or 
vehicle. Treatment combinations are shown 
in the box below each graph; gray bars 
indicate Mor injection at 0:00 (16 rats/group). 
(B) Baseline startle was tested before initial 
injection of morphine (Mor; 10 mg/kg) or 
saline (Sal), followed 3.5 hours later by 
injection of propranolol (Prop; 10 mg/kg) or 
vehicle (11 rats/group). Startle was tested 
over two days using a crossover design; the 
initial injection changed each day in 
counterbalanced order, while the second 
injection was the same on both days. * 
Significant increase compared to saline 
alone; # significant decrease compared to 
morphine alone 
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 NMDA receptor antagonists also prevent signs of opiate withdrawal in rodents 

(Harris et al, 2008; Kawasaki et al, 2005; Rasmussen, 1995). We examined the effects of 

LY235959, a competitive NMDA receptor antagonist shown to attenuate precipitated 

morphine withdrawal (Jones et al, 2002), using doses (1-3 mg/kg) that prevent tolerance 

to morphine analgesia (Bilsky et al, 1996) and sensitization to morphine-induced 

locomotion (Mendez and Trujillo, 2008). LY235959 produced a dose-dependent 

attenuation of startle potentiation (Figure 4) [Morphine x LY235959 interaction: F2,33 = 

14.27, p < .001]. There was a significant linear effect of LY235959 dose following 

morphine injection (p = .012), but no effect after saline injection (p = .56). 

 

Figure 4. An NMDA receptor antagonist 
(LY235959) attenuates spontaneous 
withdrawal-potentiated startle. (A) 
Experimental timeline: baseline startle was 
tested before initial injection of morphine 
(Mor; 10 mg/kg) or saline (Sal), followed 
three hours later by LY235959 (LY; 1-3 
mg/kg) or saline. Treatment combinations 
are shown in the box below the graph. (B) 
Results for LY235959. Startle was tested 
over two days using a crossover design; 
the initial injection changed each day in 
counterbalanced order, while the second 
injection was the same on both days.  * 
Significant linear effect of LY235959 dose 
(12 rats/group) 
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Startle Potentiation after the First Morphine Exposure 

 Because the preceding experiments utilized Latin Square and crossover designs, 

sometimes involving multiple exposures to morphine, we sought to clarify whether startle 

was potentiated following the very first exposure to morphine. We pooled control data 

from the preceding experiments in which startle was tested four hours after an animal’s 

first exposure to morphine (n = 33) or saline (n = 31), and found a highly reliable 

potentiation of startle after morphine injection (51.2 +/- 6.6%) that was significantly 

greater than the change in startle after saline injection (5.3 +/- 4.6%; t62 = 5.62, p < .001). 

 

Place Conditioning Time Course after Acute Morphine Exposure 

 A delayed conditioned place aversion (CPA) has been reported following acute 

exposure to morphine (Bechara et al, 1995). We next determined the time course of place 

conditioning after injection of 10 mg/kg morphine (Figure 5). Each group spent ~50% 

time on the drug side during the baseline session, confirming the unbiased nature of our 

place conditioning procedure. ANOVA indicated a significant Session x Time interaction 

[F6,87 = 4.89, p < .001]. As expected, conditioned place preference (CPP) was observed 

immediately after morphine injection (0:00) [t11 = 2.85, p = .016], and was maintained at 

2:00 [t11 = 4.29, p = .001] and 4:00 [t10 = 3.70, p = .004]. The 4:00 time point is when we 

observe peak startle potentiation following this same dose of morphine (cf. Figure 1), 

indicating that rats are still experiencing a state of reward when anxiety-like behavior 

emerges. There was no effect of place conditioning at 6:00, and a non-significant 

tendency for CPA at 8:00 [t22 = 1.46, p = .16]. A trend towards CPP was also observed at 
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10:00 [t11 = 2.18, p = .052]. There was a significant fit to fourth-order polynomial trend 

across time [p = .003], suggesting the emergence of aversion following the initial 

preference. 
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Figure 5. Place conditioning time course following acute morphine administration. Two morphine and two 
saline conditioning sessions (50 minutes each) were conducted over four days in counterbalanced order. 
Each pair of bars represents a separate group of animals. * Significant change from baseline to test (11-23 
rats/group) 
 

Place Conditioning and Startle during Naloxone-Precipitated Withdrawal 

 Because spontaneous withdrawal-potentiated startle and CPA emerged at different 

times after acute morphine injection, we asked if these two behavioral effects could be 

dissociated under other conditions. Since 2.5 mg/kg naloxone produces startle 

potentiation when administered two hours after 10 mg/kg morphine (cf. Figure 1), we 

examined whether naloxone causes CPA under these same conditions (Figure 6A). 

ANOVA indicated a significant Session x Group interaction [F2,28 = 10.04, p = .001]. 

Exposure to morphine alone caused CPP [t8 = 2.49, p = .038], while naloxone had no 
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effect in the absence of morphine [t7 < 1]. However, naloxone administration two hours 

after morphine caused CPA [t13 = 3.90, p = .002]. Previous studies have shown that 

naloxone still causes CPA when administered 24 hours after a single morphine injection 

(Araki et al, 2004; Parker and Joshi, 1998), and we also replicated this effect (Figure 6B). 

At the 24 hour time point, ANOVA indicated a trend towards a Session x Group 

interaction [F2,44 = 2.15, p = .13]. Planned comparisons revealed that administration of 

morphine followed by naloxone caused CPA [t14 = 2.47, p = .027], while there was no 

effect of either morphine alone [t15 < 1] or naloxone alone [t15 < 1]. 

 

Figure 6. Conditioning with naloxone two or 24 hours 
after morphine causes CPA. One saline and one drug 
conditioning session (30 minutes each) were conducted 
over two days. On the first day of conditioning, all rats 
were injected with saline or naloxone (2.5 mg/kg) 
immediately before exposure to the non-drug side. On the 
second day of conditioning, all rats received the same 
treatment (naloxone or saline) immediately before 
exposure to the drug side. Naloxone was given on both 
sides to control for non-specific aversive effects. 
Treatment combinations are shown in the box between 
panels A and B; each pair of bars represents a separate 
group of animals. (A) Place conditioning after saline or 
morphine (10 mg/kg) injection in the colony two hours 
before the second conditioning session (8-14 rats/group). 
(C) Place conditioning after saline or morphine injection in 
the colony 24 hours before the second conditioning 
session (15-16 rats/group). * Significant change from 
baseline to test 
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 The effect of naloxone on acoustic startle has not been examined 24 hours after a 

single exposure to morphine. We found that naloxone still produced startle potentiation 

24 hours after a single morphine injection (Figure 7) [t10 = 2.57, p = .028], similar to its 

effect two hours after acute morphine injection. Startle potentiation and CPA thus 

develop concurrently when naloxone is administered either two or 24 hours after a single 

morphine injection. 

 

Figure 7. Effect of naloxone (2.5 mg/kg – 
hatched bars) on acoustic startle after 
injection of saline (white bars) or at 
different time points after a single 
injection of morphine (10 mg/kg; gray 
bars). Saline data and the 2:00 time point 
are reproduced from Figure 1 for 
comparison; gray bars indicate groups 
exposed to morphine. * Significant 
increase compared to adjacent control 
group (6-16 rats/group) 
 

 

Discussion 

 Our results demonstrate that anxiety-like behavior (i.e., startle potentiation) 

emerges spontaneously after a single exposure to morphine, appears related to a decrease 

in opiate receptor occupancy, and shares a pharmacological profile with other forms of 

opiate withdrawal. Startle potentiation develops before the rewarding effects of morphine 

have subsided, clearly dissociating increased anxiety-like behavior from decreased 

reward system activity. This study represents the first direct demonstration that 

anxiogenic and dysphoric manifestations of opiate withdrawal may be mediated by 
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distinct neural mechanisms, which are progressively engaged during withdrawal 

following acute exposure to morphine. 

 

The Nature of Spontaneous Withdrawal-Potentiated Startle 

 Spontaneous withdrawal-potentiated startle emerged and peaked four hours after 

injection of 10 mg/kg morphine, consistent with our previous report (Harris et al, 2004a). 

This corresponds to a time at which morphine levels in blood and brain have declined 

substantially (Barjavel et al, 1995; Hipps et al, 1976), and the direct behavioral and 

neurochemical effects of morphine have already peaked and are returning to baseline 

(Babbini et al, 1972; Barjavel et al, 1995; Di Chiara et al, 1988; Hipps et al, 1976). This 

suggests startle elevation emerges as morphine metabolism leads to falling drug levels 

and reduced opiate receptor occupancy. Startle was potentiated by naloxone 

administration two hours after morphine, while morphine re-exposure delayed the onset 

of startle potentiation, suggesting a link between startle potentiation and decreased opiate 

receptor occupancy. 

 Spontaneous withdrawal-potentiated startle was also blocked by chlordiazepoxide 

and propranolol, two anxiolytic drugs previously shown to attenuate increases in startle 

amplitude caused by conditioned fear cues and exposure to bright light (de Jongh et al, 

2002; Risbrough et al, 2003; Walker et al, 2002a). Chlordiazepoxide prevents other 

forms of anxiety-like behavior in rodents (e.g., Knoll et al, 2007), while propranolol has 

been shown to reduce affective signs of opiate withdrawal (Harris et al, 1993a, b). 

NMDA receptor antagonists also alleviate signs of opiate withdrawal (Harris et al, 2008; 
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Kawasaki et al, 2005; Rasmussen, 1995). LY235959, a competitive NMDA receptor 

antagonist that reduces precipitated morphine withdrawal (Jones et al, 2002), produced a 

dose-dependent attenuation of startle potentiation. These results clearly indicate that 

startle elevation shares a pharmacological profile with other measures of opiate 

withdrawal.  

  

Relationship between Startle Potentiation and Place Conditioning 

 A delayed CPA has been observed following administration of morphine 

(Bechara et al, 1995), as well as other opiates (Pain et al, 2008) and other addictive drugs 

(Ettenberg and Bernardi, 2007; Morse et al, 2000; Pliakas et al, 2001). We assessed the 

time course of place conditioning after administration of 10 mg/kg morphine,  and found 

that CPP persisted up to four hours after morphine injection (see also White et al, 2005). 

This time course closely parallels the elevation of extracellular dopamine levels in NAc 

(Di Chiara et al, 1988), consistent with the role of NAc dopamine in generating morphine 

CPP (Fenu et al, 2006). A tendency for CPA emerged eight hours after morphine 

injection. Other studies have reported robust CPA 11-16 hours after acute exposure to 20 

mg/kg morphine (Bechara et al, 1995; Vargas-Perez et al, 2007), which is likely related 

to differences in morphine dose and the number and timing of conditioning sessions. 

There was a significant fourth-order polynomial trend across time, suggesting the acute 

rewarding effects of morphine were followed by delayed aversive effects. We speculate 

that the tendency toward CPP at 10 hours could reflect alleviation of an aversive 

withdrawal state. 
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 We were surprised to find CPP four hours after 10 mg/kg morphine, the same 

time point at which we observed peak startle potentiation. To determine if a similar 

dissociation was observed under other conditions, we examined the effect of naloxone on 

acoustic startle and place conditioning at different times after a single morphine injection. 

We found that injection of 2.5 mg/kg naloxone generated CPA (as well as startle 

potentiation) two hours after morphine injection. These results are consistent with human 

studies showing that naloxone can precipitate withdrawal symptoms as soon as 45 

minutes after acute morphine administration (Heishman et al, 1989). Several signs of 

withdrawal (Eisenberg, 1982; Gellert and Sparber, 1977), including CPA (Araki et al, 

2004; Parker et al, 1998), are still observed when naloxone is administered 24-48 hours 

after a single exposure to morphine. We observed both startle potentiation and CPA when 

naloxone was administered 24 hours after one morphine injection, demonstrating an 

additional similarity between startle potentiation and other measures of withdrawal. 

 A dissociation between the emergence of startle potentiation and CPA was only 

observed when withdrawal was allowed to unfold spontaneously. These results provide 

an important example in which antagonist-precipitated withdrawal does not precisely 

recapitulate the conditions of spontaneous withdrawal. Precipitated withdrawal is a useful 

experimental tool for controlling the timing of withdrawal and studying states of 

dependence. However, in the context of human opiate abuse, withdrawal develops 

spontaneously in the absence of an opiate receptor antagonist. Our findings highlight the 

importance of further developing models of spontaneous opiate withdrawal in rodents, to 
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examine potential similarities and distinctions between spontaneous and precipitated 

withdrawal states. 

 In future studies, it will be important to examine the opiate receptor subtypes 

mediating different behavioral changes during spontaneous and precipitated withdrawal 

from acute morphine exposure. Specific antagonists of the mu-opioid receptor (MOR) 

can precipitate signs of withdrawal following chronic morphine exposure (Le Guen et al, 

2003; Maldonado et al, 1992), suggesting that loss of MOR occupancy may cause 

spontaneous withdrawal. However, morphine also has a lower affinity for the kappa-

opioid receptor (KOR) (Goldstein and Naidu, 1989), and some effects of morphine can 

be mediated by KOR activation (Nobre et al, 2000; Sante et al, 2000; Yamada et al, 

2006). As KOR agonists produce signs of anxiety, dysphoria, and anhedonia in humans 

and rodents (Land et al, 2008b; Motta et al, 1995; Nestler et al, 2006; Pfeiffer et al, 1986; 

Sante et al, 2000; Shippenberg et al, 2007), signaling cascades triggered by KOR 

activation could also contribute to spontaneous withdrawal. On the other hand, KOR 

antagonists can in some cases exacerbate the severity of opiate withdrawal (Spanagel et 

al, 1994). The potential contributions of MOR and KOR could be addressed in future 

studies using techniques that directly measure receptor occupancy, such as 

autoradiography, to examine changes in the occupancy of MOR and KOR across multiple 

brain structures in the hours following acute morphine administration. 

 

Potential Neural Substrates for Anxiety and Dysphoria 
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 During spontaneous withdrawal from acute morphine exposure, startle 

potentiation emerges before the rewarding effects of morphine have subsided, and thus 

prior to the onset of CPA. Our data suggest that startle potentiation may be caused by 

decreased opiate receptor occupancy. In contrast, CPA may instead represent an 

opponent process to the acute rewarding effects of morphine (Vargas-Perez et al, 2007). 

As such, CPA may reflect a decrease below baseline activity in the mesolimbic dopamine 

system. This type of change has been demonstrated during withdrawal from chronic 

opiate exposure (Diana et al, 1995; Rossetti et al, 1992; Spanagel et al, 1994), as well as 

acute amphetamine exposure (Barr et al, 2002), though we are not aware of similar 

studies performed after acute morphine administration. Adaptations within the reward 

system are thought to play a role in depression (Nestler et al, 2006), and depression-like 

changes during opiate withdrawal may be manifested as CPA (Vargas-Perez et al, 2007) 

and elevated ICSS thresholds (Liu et al, 2004). 

 In contrast, startle potentiation emerges while the reward system is still active, but 

its activity has decreased from peak levels (Di Chiara et al, 1988). This suggests the 

anxiety-like manifestations of opiate withdrawal may be closely tied to a relative 

decrease in hedonic state (i.e., a negative slope), rather than an absolute decrease below 

baseline. Portions of the extended amygdala, including the bed nucleus of the stria 

terminalis and central nucleus of the amygdala, play a general role in states of withdrawal 

(Koob et al, 2008) and anxiety (Walker et al, 2003), and are specifically involved in 

antagonist-precipitated withdrawal from acute morphine administration (Cabral et al, 

2008; Criner et al, 2007; Harris et al, 2006). This involvement could result from a direct 
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and local effect of morphine, or may be secondary to morphine-induced elevations in 

extracellular dopamine (Carboni et al, 2000). The specific role of these circuits in 

different emotional manifestations of spontaneous withdrawal will be an important topic 

for future research. 

 This framework may help explain why baseline startle amplitude is not elevated 

during precipitated withdrawal from chronic opiate administration (Fendt and Mucha, 

2001; Kalinichev et al, 2003; Mansbach et al, 1992). These conditions produce dramatic 

decreases in mesolimbic dopamine system activity (Diana et al, 1995; Pothos et al, 1991; 

Rossetti et al, 1992) and brain reward function (Schulteis et al, 1994). The resulting 

depression-like state could obscure or overwhelm the expression of anxiogenic 

manifestations of withdrawal. Indeed, human patients diagnosed with depressive illness 

do not exhibit increases in startle amplitude under conditions that normally produce 

startle potentiation in control subjects (Dichter and Tomarken, 2008; Forbes et al, 2005; 

Lang and McTeague, 2009). 

 

Implications for Addiction 

 Our results clearly indicate that withdrawal is a complex and multifaceted 

construct. We have described distinct time courses for two specific emotional 

manifestations of acute withdrawal (i.e., startle potentiation and CPA). The spontaneous 

evolution of other signs of acute withdrawal may parallel one of the time courses we have 

described, or may follow other unique time courses. For example, spontaneous increases 

in ICSS threshold have been reported 24 hours after acute morphine exposure (Liu et al, 
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2004). We also note that spontaneous hyperalgesia has been observed following a single 

exposure to heroin (Laulin et al, 1998) or morphine (Sweitzer et al, 2004). The time 

course of hyperalgesia is complex, as it emerges and dissipates in the hours after opiate 

administration, then reappears 24 hours later and lasts several days (Laulin et al, 1998). 

Thus, the various emotional and physical manifestations of spontaneous withdrawal 

likely result from a cascade of numerous neurobiological events, which develop and 

evolve as a function of time. 

 It is important to note that anxiety-like signs of spontaneous withdrawal may 

represent one of the earliest manifestations of the withdrawal syndrome, developing prior 

to CPA and changes in ICSS threshold. Since spontaneous startle potentiation was 

delayed by re-exposure to morphine, relief or prevention of anxiety may be particularly 

important for motivating continued drug use. The relief of anxiety states may provide 

primary negative reinforcement for ongoing drug use, perhaps by maintaining 

dopaminergic tone within the extended amygdala, since D1 receptor antagonism in the 

amygdala can enhance cocaine intake, even while dopamine levels in NAc remain 

elevated (Hurd et al, 1997). In addition, anxiety-like states may motivate drug use 

because they predict the subsequent emergence of depression-like states, thus serving as 

secondary negative reinforcers. Finally, anxiety-like states generated by stressful 

experience could also contribute to stress-induced relapse, particularly given the common 

neural circuitry involved in stress-induced reinstatement (Shaham et al, 2003) and 

potentiated acoustic startle (Walker et al, 2003). 
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 Events that occur during spontaneous withdrawal may also contribute to some of 

the unique effects of intermittent opiate exposure. For example, intermittent injections of 

morphine produce physiological changes similar to those caused by chronic stress 

(Houshyar et al, 2003; Houshyar et al, 2004), changes not observed when morphine is 

administered continuously. The acute withdrawal state that follows each intermittent 

morphine injection may contribute to this stress-like profile. Indeed, changes in brain 

activity during spontaneous withdrawal could contribute to any difference between the 

consequences of continuous and intermittent opiate exposure. As human drug abuse is 

routinely interrupted by drug-free periods (Baker et al, 2004; Dole et al, 1966), it will be 

important to examine whether events that occur during spontaneous withdrawal 

contribute to adaptations in brain function during intermittent drug exposure. 

 These results add to a growing number of dissociations between anxiety- and 

depression-like behavior under a variety of experimental conditions (Bosch et al, 2008; 

Land et al, 2008a; Nestler et al, 2006; Sahuque et al, 2006; Wallace et al, 2009), and 

raise important considerations for future research. First, signs of withdrawal develop 

spontaneously following just one exposure to morphine, and are likely expressed 

following each intermittent exposure to an opiate. This means withdrawal is not unique to 

the termination of chronic drug use, but is an intrinsic component of drug taking that may 

play an important but often neglected role in the development of addiction. Second, 

anxiety-like manifestations of withdrawal emerge while the animal is still experiencing a 

state of reward. As dysphoria and other depression-like manifestations of withdrawal 

likely reflect decreases below baseline in reward system activity, symptoms of anxiety 
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and depression may develop at different times as withdrawal unfolds, which could have 

important treatment implications. Therapeutic interventions that ameliorate symptoms of 

anxiety and depression, such as kappa-opiate receptor antagonists (Knoll et al, 2007; 

Land et al, 2008a; Land et al, 2008b; Nestler et al, 2006), may prove particularly 

effective. A clearer understanding of the neurobiological underpinnings of opiate 

withdrawal could potentially advance our understanding of mood and anxiety disorders, 

in addition to improving treatment of addiction itself. 
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Chapter 3: Episodic Withdrawal Promotes Psychomotor Sensitization to Morphine 

 

Introduction 

 The development of drug addiction involves adaptations in brain function caused 

by chronic drug use (Hyman et al, 2006; Kalivas et al, 2008; Koob et al, 2007; Koob et 

al, 2010; Robinson et al, 2003). A large body of preclinical evidence suggests the impact 

of drug exposure on brain function and behavior depends critically on the pattern of 

administration, specifically whether drug exposure is continuous or intermittent (Breese 

et al, 2005a; Fitzgerald et al, 1996; Houshyar et al, 2003; Houshyar et al, 2004; Ibuki et 

al, 1997; Lichtblau and Sparber, 1981; Post, 1980; Skjei and Markou, 2003; Tjon et al, 

1997). Human drug abuse is a fundamentally intermittent activity, routinely interrupted 

by periods of sleep or limited drug supply (Baker et al, 2004; Dole et al, 1966; Koob et 

al, 2007), and rapid drug delivery promotes the development of addiction (Samaha et al, 

2005a). In contrast, continuous modes of drug delivery, such as the nicotine patch or 

methadone maintenance, have low addictive liability and are used as therapeutic 

treatments to reduce withdrawal and craving (Dole et al, 1966; Henningfield et al, 1993). 

 During intermittent drug administration, drug levels rise and fall dynamically over 

time. While the onset of drug action is associated with rewarding effects, the offset of 

drug action generates an aversive state of withdrawal (Koob et al, 2010). Withdrawal is 

often associated with the termination of chronic drug exposure, but spontaneous signs of 

withdrawal can be detected after a single drug exposure in humans (Breiter et al, 1997; 

Kirby et al, 1993; Van Dyke et al, 1982) and rodents (Laulin et al, 1998; Rothwell et al, 
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2009). These episodes of “acute withdrawal” represent an intrinsic feature of intermittent 

drug abuse (Baker et al, 2004; Dole et al, 1966) that contribute to some unique effects of 

intermittent drug exposure (Breese et al, 2005a; Breese et al, 2005b; Houshyar et al, 

2003; Houshyar et al, 2004). In human populations, individual differences in withdrawal 

severity are an important risk factor for the development of addiction (Piasecki et al, 

2005), and intense withdrawal symptoms predict a greater response to subsequent drug 

exposure (Newton et al, 2003; Uslaner et al, 1999). In the present study, we have 

examined whether recurrent episodes of acute withdrawal contribute to a specific effect 

of intermittent morphine exposure: the development of psychomotor sensitization. 

 In rodents, the psychomotor-activating effects of most addictive drugs are 

progressively and persistently enhanced by repeated administration, a phenomenon 

known as psychomotor sensitization (Robinson et al, 1986; Stewart et al, 1993). This 

change is accompanied by sensitization to the rewarding properties of drugs (Robinson et 

al, 2003; Vezina, 2004) and involves adaptations in the mesolimbic dopamine system 

(Vanderschuren and Kalivas, 2000), leading to the proposal that the development of 

sensitization may model the intensification of drug craving in human addicts (Robinson 

et al, 2003). Sensitization is induced by exposure to most abused drugs, as well as by 

stressful experience (Kalivas et al, 1991), and is one of the most prominent and 

thoroughly studied models of long-lasting drug-induced neurobehavioral plasticity. 

Notably, while tolerance is commonly observed after continuous exposure, sensitization 

to both the psychomotor-activating and rewarding properties of drugs is most robust 

following intermittent exposure (Hammer et al, 1997; King et al, 1992; Nelson et al, 
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1978; Post, 1980; Reith et al, 1987; Russo et al, 2007; Shippenberg et al, 1988; 

Shippenberg et al, 1995; Shippenberg et al, 1996). 

 While monitoring the development of psychomotor sensitization during daily 

morphine exposure in rats, we concurrently measured the severity of individual 

withdrawal episodes using the acoustic startle reflex, a validated index of anxiety in 

humans and animals (Lang and Davis, 2006) that is reliably elevated during withdrawal 

from acute opiate exposure (Cabral et al, 2009; Harris et al, 2004a; Kalinichev et al, 

2003; Rothwell et al, 2009). Not only did the initial severity of withdrawal predict the 

eventual degree of psychomotor sensitization, but pharmacological manipulations that 

reduce or exacerbate withdrawal caused parallel changes in the degree of sensitization. 

These results suggest a novel mechanism for the development of psychomotor 

sensitization and have important implications for understanding the differential impact of 

intermittent and continuous drug exposure on the development of addiction. 

 

Materials and Methods 

 

Subjects 

 Male Sprague-Dawley rats (Harlan, Indianapolis, IN) were housed in groups of 4-

5 in metal cages with a 12 hour light/dark cycle (light on 0800-2000 hours) and free 

access to food and water except during testing. Rats were allowed to acclimate to housing 

conditions for two weeks after arrival, were gently handled for two consecutive days 

prior to any testing or drug treatment, and weighed 250-350g at the beginning of each 
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experiment. All procedures conformed to the National Institutes of Health Guide for the 

Care and Use of Laboratory Animals and were approved by the University of Minnesota 

Institutional Animal Care and Use Committee. 

 

Drugs 

 Morphine sulfate was provided by the National Institute on Drug Abuse 

(Rockville, MD). Naloxone hydrochloride was obtained from Sigma (St. Louis, MO). All 

drugs were dissolved in 0.9% saline and injected s.c. in a volume of 1 mL/kg body 

weight, except in Experiment 1 where morphine was given i.p. All drug doses are 

expressed as the weight of the salt. 

 

Acoustic Startle 

 As previously described (Rothwell et al, 2009), acoustic startle was tested in four 

identical plastic cages (17 x 8.5 x 11 cm) resting on compression springs and located 

within individual ventilated sound-attenuating chambers. Cage movement resulted in 

displacement of a piezoelectronic accelerometer (Model ACH-01, Measurement 

Specialties, Valley Forge, PA) attached to each cage. Voltage output from the 

accelerometer was filtered and amplified by a custom-built signal processor, digitized on 

a scale of arbitrary units ranging from 0-1000 (National Instruments SCB100 and PCI-

6071E boards), and recorded using Matlab (The MathWorks, Natick, MA). Startle 

amplitude was defined as the peak accelerometer voltage during the first 200 ms after 

onset of the startle stimulus. High frequency speakers (Radio Shack Supertweeters, range 
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= 5-40 kHz) located 10 cm beside each cage delivered the startle stimuli, which were 50-

ms bursts of filtered white noise (low pass: 22 kHz, rise-decay <5 ms) at intensities of 95 

or 105 dB. Ventilating fans elevated background noise to approximately 60 dB. 

 

Locomotor Activity 

 As previously described (Ferguson et al, 2004), locomotor activity was monitored 

in clear plastic cages (8.5” x 17.5” x 9”) with a central insert (2.5” x 9” x 9”) and pine 

shavings or ground corncob bedding on the floor. Each cage was placed in a metal frame 

containing five sets of infrared photobeams, which traversed the short axis of the cage 2” 

above the ground. A computer running custom software (Applied Concepts, Ann Arbor, 

MI) monitored the number of “crossovers”, defined by successive interruption of beams 

on opposite ends of the cage. Crossovers were analyzed in 10-minute bins and also 

summed across the entire experimental session. 

 

Experiment 1: Concurrent Measurement of Withdrawal Severity and Psychomotor 

Sensitization 

To acclimate animals to the experimental procedure, acoustic startle was tested on 

each of two days prior to drug exposure. For each session, rats were placed in the startle 

chambers for a 5-minute acclimation period, and then presented with 40 startle stimuli 

(20 each at 95 or 105 dB in semi-random order) with a 30-second inter-stimulus interval. 

The day before drug exposure, rats were placed in activity monitors immediately after the 

second startle session. After a 30 minute habituation period (which was used to measure 
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the locomotor response to novelty – see Table 1), rats were injected with saline and 

remained in the activity monitors for two hours. Animals were matched into experimental 

groups with similar mean startle amplitudes and similar activity levels following saline 

injection. 

 Daily morphine injections were given over the course of six days (Figure 1A), 

with a dosing regimen used in previous studies of morphine sensitization in rats (Kalivas 

et al, 1987). The first day (“Initial Test”) and last day (“Final Test”) began with a 

baseline startle session, after which rats were transferred to the activity monitors. Thirty 

minutes later, they were injected with either saline or morphine (3.2 mg/kg); this 

moderate dose was used to avoid locomotor suppression produced by higher morphine 

doses (Babbini et al, 1972). Activity was monitored for 110 minutes before returning 

animals to the startle chambers for a test session two hours after morphine injection, the 

time of peak startle potentiation following 3.2 mg/kg morphine (Harris et al, 2004a). The 

four days between the Initial and Final Test (“Intervening Days”) began with baseline 

startle and 30 minutes habituation in the activity monitors. Rats were then injected with 

saline or a higher dose of morphine (10 mg/kg) that acutely suppresses locomotor activity 

(Babbini et al, 1972) but facilitates the development of sensitization (Ferguson et al, 

2004; Kalivas et al, 1987). They remained in the activity monitors for two hours before 

being returned to the colony for two additional hours. Startle was then tested four hours 

after morphine injection, the time of peak startle potentiation following 10 mg/kg 

morphine (Harris et al, 2004a; Rothwell et al, 2009). 



 

 51 

 To determine the persistence of changes in locomotor activity and acoustic startle 

following repeated morphine exposure, we conducted a “Morphine Challenge” seven 

days after the Final Test. The day before Morphine Challenge, rats received a single 

startle session and were then transferred to the activity monitors for 30 minutes, where 

they were injected with saline and tested for two hours. The procedure for the Morphine 

Challenge was identical to the Initial and Final Tests, except all rats were injected with 

3.2 mg/kg morphine, to compare the response to morphine following previous saline or 

morphine treatment. 

 

Experiment 2: Reducing Withdrawal by Decreasing the Interval between Morphine 

Injections 

 The purpose of this experiment was to attrnuate acute withdrawal by giving 

morphine injections in rapid succession (Rothwell et al, 2009), and examine the impact 

on sensitization. Rats received two cycles of four morphine injections (10 mg/kg each), 

administered in the colony, with a 3-4 day break between cycles (Figure 2A). Within 

each cycle, morphine injections were given ~24 hours apart, or every three hours on a 

single day. A separate control group received only saline injections, and an additional 

control group received a single morphine injection at the end of each cycle. All rats were 

given the same total number of injections, receiving saline when they were not scheduled 

to receive morphine. To control for circadian effects when giving morphine every three 

hours (e.g., 0900, 1200, 1500, and 1800 hours), daily injections were matched to these 

same times of day over the course of each cycle. Sensitization was assessed by 
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administering a Morphine Challenge (3.2 mg/kg) to all rats in the activity monitors, 

seven days after the end of the second cycle. 

 

Experiment 3: Enhancing Withdrawal through Naloxone Treatment 

 The purpose of this experiment was to use naloxone as a pharmacological tool to 

exacerbate the severity of withdrawal, and examine the impact on sensitization. We 

selected a dose (2.5 mg/kg) that produces startle potentiation and conditioned place 

aversion 24 hours after a single morphine exposure (Rothwell et al, 2009). Rats received 

four daily injections of morphine (10 mg/kg) or saline in the colony. Each of these 

injections was followed ~20 hours later by exposure to naloxone (2.5 mg/kg) or saline 

(Figure 3A), an interval that allows spontaneous withdrawal to unfold normally following 

each morphine exposure. Administration of naloxone should precipitate an additional 

bout of withdrawal at 20 hours, without interfering with the subsequent injection of 

morphine ~4 hours later. Sensitization was assessed by administering a Morphine 

Challenge (1 or 3.2 mg/kg) to all rats in the activity monitors, seven days after the last 

morphine injection. 

 

Data Analysis 

 Startle data were collapsed across both intensities (95/105 dB) before statistical 

analysis (Harris et al, 2004a; Rothwell et al, 2009). In Experiment 1, we first conducted 

an analysis of variance (ANOVA) to verify similar baseline startle amplitude between 

experimental groups; there were no differences in baseline startle between groups (Table 
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2). Changes in startle following morphine administration were calculated as percent 

change from baseline on the same day (Walker et al, 2002b). One rat from Experiment 1 

was excluded from analysis due to unusually low baseline startle (i.e., <10 units) (Harris 

et al, 2008; Lee and Davis, 1997). 

 All data were analyzed using t-tests or factorial ANOVA, with repeated measures 

on within-subject factors. For main effects or interactions involving repeated measures, 

the Huynh-Feldt correction was applied to control for potential violations of the 

sphericity assumption. Student-Newman-Keuls (SNK) post-hoc tests were conducted 

after significant main effects, while significant interactions were decomposed with tests 

for simple effects (Keppel, 1991). All statistical analysis was conducted using SPSS 

(version 13.0) with a Type I error rate of α = .05 (two-tailed). Group sizes for each 

experiment are indicated in figure legends. 

 

Results 

 

Experiment 1: Concurrent Measurement of Withdrawal Severity and Psychomotor 

Sensitization 

 Significant withdrawal-potentiated startle was observed on the Initial Test after 

the very first exposure to a modest dose of morphine (3.2 mg/kg; Figure 8B, left) [t45 = 

3.42, p = .001]. Over the next four Intervening Days, consistent increases in startle were 

observed following each injection of 10 mg/kg morphine [main effect of Group: F(1,43) 

= 36.71, p < .001; Group x Day interaction: F(3,129) < 1]. There were also reliable 
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Figure 8. Concurrent measurement of withdrawal-potentiated startle and psychomotor sensitization. (A) 
Experimental timeline – locomotor activity and acoustic startle were tested after daily administration of 
morphine. Note that startle was tested at different time points after different doses of morphine (2 hours 
after 3.2 mg/kg versus 4 hours after 10 mg/kg). (B) Percent change in startle following injection of saline 
(open symbols, n = 24) or morphine (filled symbols, n = 23) after daily administration (left) and Morphine 
Challenge (right). (C) Locomotor activity in the same group of animals. (D) Time course showing the 
locomotor response of both groups to Morphine Challenge. (E) Correlation between initial withdrawal 
severity (i.e., withdrawal-potentiated startle on ID1) and the degree of sensitization (i.e., average response 
across Final Test and Morphine Challenge) in the morphine group, or the locomotor response to Morphine 
Challenge in the saline group. *Significant difference between saline and morphine. #Significant difference 
between Final Test and Initial Test. $Significant Group x Day interaction. 
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individual differences between animals in the severity of this acute withdrawal state 

across the Intervening Days (Table 1). Following administration of 3.2 mg/kg morphine 

on the Final Test, startle was still significantly potentiated in the morphine group 

compared to the saline group [t45 = 4.32, p < .001]. The magnitude of this effect was also 

significantly increased relative to the Initial Test [t22 = 3.51, p = .002], suggesting an 

escalation of withdrawal severity after repeated morphine exposure. There was also a 
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small but significant increase in startle potentiation in the saline group on the Final Test 

compared to the Initial Test [t23 = 2.73, p = .012]. This latter finding may be related to a 

decrease in baseline startle levels that developed over the course of repeated daily testing 

(Table 2). 

 

 There was a tendency for increased locomotor activity in the morphine group on 

the Initial Test (Figure 8C, left) that did not reach statistical significance [t45 = 1.77, p = 

.083]. Over the next four Intervening Days there was a significant Group x Day 

interaction [F(3,123) = 3.34, p = .044], indicating no change in activity in the saline 

group [linear trend: F(1,21) < 1] but a tendency towards an increase in the morphine 

group [linear trend: F(1,20) = 3.88, p = .063]. The difference between groups was more 

pronounced on the Final Test, with the morphine group responding significantly more 

than the saline group [t45 = 4.83, p < .001] and also significantly more than on the Initial 
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Test [t22 = 4.37, p < .001]. To examine the persistence of sensitization, both groups were 

challenged with morphine (3.2 mg/kg) one week after the Final Test. The locomotor 

response to Morphine Challenge had a biphasic temporal pattern (Figure 8D), with the 

morphine group responding significantly more than the saline group (Figure 8C, right) 

[t45 = 3.52, p = .001]. While both groups exhibited withdrawal-potentiated startle 

following Morphine Challenge (Figure 8B, right), there was no significant difference 

between groups in the magnitude of withdrawal-potentiated startle [t45 < 1]. 

 We next investigated the relationship between withdrawal severity and the 

development of psychomotor sensitization. The locomotor response of individual animals 

in the morphine group was similar on the Final Test and Morphine Challenge [r = .59, p = 

.003], so both values were averaged together for each individual rat to provide an index 

of sensitization. We compared this value to the magnitude of withdrawal-potentiated 

startle on the first Intervening Day, as a measure of initial withdrawal severity following 

the first exposure to a high dose of morphine. There was a significant positive correlation 

between these two parameters in the morphine group (Figure 8E) [r = .57, p = .005], with 

more severe withdrawal predicting a higher degree of sensitization following repeated 

morphine injections. A similar relationship was observed between cumulative withdrawal 

severity, calculated by summing together startle potentiation across all six days of 

morphine injection, and the degree of sensitization [r = .43, p = .048]. Neither of these 

parameters correlated with the locomotor response to Morphine Challenge in the saline 

group (Table 1), demonstrating the positive correlation in the morphine group is not an 

artifact of our testing procedure or analysis. There was also no predictive relationship 
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between the degree of sensitization and the locomotor response to novelty, baseline 

startle on the first Intervening Day, or escalation of withdrawal severity across days 

(Table 1), demonstrating that initial withdrawal severity is an independent predictor of 

the development of sensitization. The locomotor response to novelty did correlate with 

the acute locomotor response to morphine on the Initial Test (Table 1), consistent with a 

previous report (Deroche et al, 1993). 

 

Experiment 2: Reducing Withdrawal by Decreasing the Interval between Morphine 

Injections 

 The time course of the response to Morphine Challenge (3.2 mg/kg) is shown in 

Figure 9B (left), and analysis of the total number of crossovers (Figure 9B, right) 

indicated a significant effect of Group [F(3,43) = 9.93, p < .001]. Daily injection of 

morphine (i.e., every 24 hours) produced robust sensitization compared to repeated saline 

injection [p < .05, SNK post-hoc]. We have recently shown that spontaneous withdrawal-

potentiated startle, normally observed 4 hours after 10 mg/kg morphine, is blocked when 

a second injection of morphine is given three hours after the initial morphine exposure 

(Rothwell et al, 2009). Animals receiving morphine injections every three hours 

exhibited significantly less sensitization than the 24-hour group [p < .05, SNK post-hoc]. 

However, the 3-hour group still exhibited significant sensitization compared to the saline 

control group [p < .05, SNK post-hoc]. This could be related to the “terminal” withdrawal 

that occurs following the final 3-hour injection. To control for this terminal withdrawal 
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Figure 9. Reducing withdrawal decreases the degree of sensitization. (A) Experiment timeline – a series of 
eight morphine injections (10 mg/kg) were delivered daily (“24 hour”, n = 12) or every three hours (“3 
hour”, n = 14). Separate controls groups received one morphine injection at the end of each 3-hour series 
(“Single”, n = 7) or were only injected with saline (“Saline”, n = 14). (B) Time course of locomotor activity 
(left) and cumulative response (right) to Morphine Challenge (3.2 mg/kg) one week following the end of 
pretreatment. *Significant increase from saline. #Significant increase from all other groups. 
 

episode, a separate group of animals was given a single morphine injection at the same 

time the 3-hour group received their final injection of the day. The degree of sensitization 

was similar between these two groups, suggesting the terminal withdrawal episode 

contributes to the sensitization observed in the 3-hour group. 

 

Experiment 3: Exacerbating Withdrawal through Naloxone Treatment 
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Figure 10. Exacerbating withdrawal severity enhances the degree of sensitization. (A) Experimental 
timeline – four daily injections of morphine (Mor, 10 mg/kg) or saline (Sal) were followed 20 hours later 
by injections of naloxone (Nx, 2.5 mg/kg) or Sal. (B) Time course of locomotor activity following 
Morphine Challenge (1 mg/kg, left) and cumulative response to challenge with multiple doses (right) after 
Mor+Sal (n = 12) or Mor+Nx (n = 12). (C) Time course of locomotor activity following Morphine 
Challenge (1 mg/kg, left) and cumulative response to challenge with multiple doses (right) after Sal+Sal (n 
= 12) or Sal+Nx (n = 12). *Significant difference between Mor-Nx and Mor-Sal. #Significant main effect 
of Morphine 
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 A number of studies have shown naloxone can still precipitate signs of 

withdrawal when administered 24 hours after acute morphine exposure (Eisenberg, 1982; 

Gellert et al, 1977; Parker et al, 1998; Rothwell et al, 2009). We therefore reasoned that 

administering naloxone ~20 hours after each morphine injection (Figure 10A) should 

precipitate an additional bout of withdrawal, thereby increasing overall withdrawal 

severity. Following challenge with 1 mg/kg morphine, ANOVA indicated a significant 

Morphine x Naloxone interaction [F(1,44) = 7.89, p = .007]. Naloxone administered after 

each daily morphine injection enhanced the response to subsequent Morphine Challenge 

(Figure 10B) [t22 = 2.75, p = .012], while naloxone administered after daily saline 

injection had no effect (Figure 10C) [t22 < 1]. Following challenge with a higher dose of 

morphine (3.2 mg/kg), there was a significant main effect of Morphine [F(1,74) = 38.59, 

p < .001], but no Morphine x Naloxone interaction [F(1,74) < 1]. No significant group 

differences were observed following saline challenge (0 mg/kg) [ps > .28]. Combined 

morphine and naloxone treatment therefore increased sensitivity to a threshold dose of 

morphine, shifting the dose-response curve to the left – a defining feature of sensitization. 

 

Discussion 

 This study represents the first attempt to resolve individual episodes of 

withdrawal during daily morphine exposure and examine their contribution to the 

development of psychomotor sensitization. We document a correlation between the initial 

severity of acute withdrawal, indexed by potentiation of the acoustic startle reflex, and 

the development of psychomotor sensitization following repeated morphine exposure. 
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Pharmacological manipulations that reduce or exacerbate withdrawal severity also caused 

parallel changes in the development of sensitization. These results identify a novel 

mechanism promoting the development of sensitization that may play a more general role 

in determining the behavioral and neurobiological impact of intermittent drug exposure. 

 Withdrawal states are classically associated with termination of chronic drug 

exposure, but in the present study, we found reliable and robust withdrawal-potentiated 

startle in the hours following individual exposures to morphine. There were consistent 

individual differences between animals in the degree of startle potentiation, and this 

effect appeared to escalate in severity following repeated drug exposure, consistent with a 

broader literature showing the severity of withdrawal increases with repeated opiate 

exposure (Celerier et al, 2001; Harris et al, 2005). However, the escalation of withdrawal 

severity across repeated morphine exposure did not correlate with the development of 

sensitization, and did not persist over a seven day period following the last daily 

morphine injection. The relative transience of this effect does not preclude a more lasting 

contribution of conditioned withdrawal effects to the persistence of addiction (Stinus et 

al, 2000). 

 A principal finding of the present study is that the severity of acute withdrawal 

correlated with the development of psychomotor sensitization following repeated 

morphine exposure. This relationship was observed in terms of both cumulative 

withdrawal severity (summed across multiple daily injections), as well as the initial 

withdrawal severity measured after the first exposure to a high dose of morphine. The 

latter result suggests a predictive relationship in which intense withdrawal precedes the 
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subsequent development of sensitization, consistent with clinical reports that withdrawal 

severity is an important risk factor for the development of addiction (Piasecki et al, 

2005), and that intense withdrawal symptoms predict a greater response to subsequent 

drug exposure (Newton et al, 2003; Uslaner et al, 1999). It is possible that the correlation 

between withdrawal and sensitization indicates a general vulnerability to the behavioral 

effects of morphine mediated by a common underlying factor. This alone is an intriguing 

observation, as it suggests common risk factors contribute to both the severity of 

withdrawal and the development of sensitization, two facets of addiction often considered 

independently and thought to be mediated by distinct neural circuitry. 

 However, the results of our remaining experiments suggest a more direct 

relationship in which recurrent episodes of acute withdrawal promote the development of 

sensitization. This conclusion is based upon pharmacological manipulations of 

withdrawal severity that also impact the development of sensitization. To reduce overall 

withdrawal severity, we administered a series of morphine injections in close temporal 

proximity, to produce “quasi-continuous” delivery of morphine and prevent spontaneous 

withdrawal (Rothwell et al, 2009). This manipulation produced less sensitization than 

morphine injections delivered every 24 hours, a result consistent with previous reports 

(Contet et al, 2008; Eitan et al, 2003; Vanderschuren et al, 1997). The fact that 

sensitization is reduced but still significant after quasi-continuous morphine delivery may 

be related to the “terminal withdrawal” that occurs following the last morphine injection 

in each series, as a single morphine injection led to a comparable degree of sensitization 

as quasi-continuous delivery. The contribution of terminal withdrawal may explain why 
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sensitization is not observed shortly after the termination of chronic drug exposure 

(Hammer et al, 1997; Russo et al, 2007), but then emerges following a period of 

abstinence (Aston-Jones and Harris, 2004; Trujillo et al, 2004). 

 An important consideration for the interpretation of our results is that the rate of 

drug delivery also impacts the development of psychomotor sensitization (Samaha et al, 

2005a). Manipulations of the relative continuity of drug administration, such as that 

employed in Experiment 2, affect both the onset and offset of drug action, making it 

difficult to parse the relative contributions of these two events. In order to specifically 

manipulate drug offset, we took advantage of the fact that naloxone can precipitate signs 

of withdrawal when administered 24 hours after acute morphine exposure (Eisenberg, 

1982; Gellert et al, 1977; Parker et al, 1998; Rothwell et al, 2009). Daily administration 

of naloxone ~20 hours after each morphine exposure enhanced the degree of 

sensitization, increasing sensitivity to a threshold dose of morphine and shifting the dose-

response curve to the left. To our knowledge, this is the first demonstration that a direct 

manipulation of withdrawal influences the development of sensitization, and supports the 

notion that events occurring during drug offset make important contributions to the 

impact of addictive drug exposure. This may help explain differences in addictive 

liability between cocaine and methylphenidate, which show similar rates of uptake in the 

human brain but differ in their rate of clearance (Koob et al, 2010). 

 A variety of adaptations in the mesolimbic dopamine system are thought to 

underlie the development of psychomotor sensitization (Vanderschuren et al, 2000). For 

example, cellular adaptations in the ventral tegmental area (VTA) may serve as a trigger 
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for the development of sensitization (Carlezon and Nestler, 2002). It is intriguing to note 

that these adaptations are only observed after intermittent morphine exposure, and not 

following continuous exposure (Fitzgerald et al, 1996). The offset of opiate action has 

recently been shown to be a potent stimulus for synaptic plasticity in the spinal cord 

(Drdla et al, 2009). The development of psychomotor sensitization is associated with 

multiple forms of synaptic plasticity in the mesolimbic dopamine system (Kauer et al, 

2007), raising the possibility that the offset of drug action drives some of these forms of 

plasticity. Indeed, delayed administration of NMDA receptor antagonists attenuates both 

psychomotor sensitization and analgesic tolerance following daily morphine exposure 

(Kosten and Bombace, 2000; Marek et al, 1991), suggesting NMDA receptor activation 

during the offset of drug action (Schilstrom et al, 2006) may be involved in generating 

these forms of behavioral plasticity. 

 Intermittent opiate exposure produces a pattern of physiological changes that 

mirror the effects of chronic stress (Houshyar et al, 2003; Houshyar et al, 2004) – 

changes not observed following continuous opiate exposure. Brain stress systems are 

activated during drug withdrawal (Koob et al, 2010), and the recurrent engagement of 

stress systems during episodic withdrawal may explain why intermittent drug exposure 

and stressful experience generate common changes in brain function and behavior 

(Breese et al, 2005a; Fitzgerald et al, 1996; Houshyar et al, 2003; Houshyar et al, 2004; 

Kalivas et al, 1991; Kauer et al, 2007). While the brain circuits mediating withdrawal and 

sensitization are often considered independently, a number of established anatomical and 

physiological mechanisms could underlie interactions between them. For example, 
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corticotropin-releasing factor (CRF) systems in the extended amygdala are prominently 

activated during withdrawal (Koob et al, 2010), and these same CRF systems project to 

the VTA (Rodaros et al, 2007), where CRF is released during stress (Wang et al, 2005). 

Release of CRF in the VTA during acute withdrawal could facilitate NMDA receptor-

dependent forms of plasticity that promote the development of sensitization (Borgland et 

al, 2009). 

 The expression of acute withdrawal has been implicated in the specific 

consequences of intermittent exposure to opiates and other drugs (Breese et al, 2005a; 

Breese et al, 2005b; Houshyar et al, 2003; Houshyar et al, 2004), and the recurrent nature 

of withdrawal during intermittent drug use likely promotes the development of addiction 

(Baker et al, 2004; Dole et al, 1966). Our results add to this literature by demonstrating 

that episodic withdrawal also promotes the development of psychomotor sensitization, a 

prominent form of drug-induced neurobehavioral plasticity that may model the transition 

to compulsive drug abuse in human addicts (Robinson et al, 2003). One important 

clinical implication of these results is that continuous opiate delivery for therapeutic 

purposes – such as maintenance therapy for addiction or the treatment of chronic pain – 

should not be interrupted, as this may facilitate the development and persistence of 

addiction. The specific role of episodic withdrawal in the development of psychomotor 

sensitization may thus have more widespread implications for understanding the impact 

of exposure to addictive drugs and the progression of addiction. 
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Chapter 4: Synaptic Adaptations in the Nucleus Accumbens Caused by Experiences 

Linked to Relapse 

 

Introduction 

 Drugs of abuse share a common capacity to commandeer synaptic plasticity in the 

mesolimbic dopamine system (Kauer et al, 2007). Adaptations in glutamate signaling in 

the nucleus accumbens (NAc) have been specifically implicated in the development and 

persistent expression of psychomotor sensitization (Vanderschuren et al, 2000; Wolf, 

1998), as well as the reinstatement of drug-seeking in animal models (Kalivas, 2009). 

Repeated cocaine exposure results in a progression of adaptations at NAc excitatory 

synapses, with multiple lines of evidence indicating enhanced excitatory synaptic 

transmission in the weeks following drug exposure (Bachtell et al, 2008a; Boudreau et al, 

2005; Conrad et al, 2008; Kourrich et al, 2007; Mameli et al, 2009; Moussawi et al, 

2009; Pierce et al, 1996). Manipulations of NAc glutamate signaling also have profound 

effects on the expression of psychomotor sensitization (Bachtell et al, 2008a; Brebner et 

al, 2005), as well as reinstatement of drug-seeking caused by a drug priming in injection 

(Anderson et al, 2008; Bachtell et al, 2008a; Famous et al, 2008) or stress (Sutton et al, 

2003). 

 Changes in synaptic function caused by events that lead to reinstatement have not 

been thoroughly characterized. In animals with a history of cocaine treatment, re-

exposure to cocaine reverses several indexes of enhanced excitatory synaptic 

transmission (Boudreau et al, 2007; Kourrich et al, 2007; Moussawi et al, 2009). 
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Furthermore, blocking the endocytosis of NAc AMPARs prevents the expression of 

psychomotor sensitization to amphetamine (Brebner et al, 2005), suggesting a functional 

role for this synaptic event. Stressful experience also causes relapse in humans and 

reinstatement in animals models (Shaham et al, 2003), and acute exposure to stress has 

recently been reported to alter NAc synaptic function (Campioni et al, 2009). Here we 

report that the effects of stress on NAc excitatory synapses are reversed in animals 

previously exposed to cocaine, mimicking the effect of cocaine re-exposure. A similar 

synaptic effect is also observed shortly after the reinstatement of cocaine-conditioned 

place preference. This suggests a final common pathway involving NAc synaptic 

function may mediate relapse events triggered by both stress and drug re-exposure. 

 

Materials and Methods 

 

Subjects 

 Male C57Bl/6J mice (Jackson Lab, Bar Harbor, ME) were given at least one week 

to acclimate to housing conditions and were at least 4 weeks old at the beginning of each 

experiment. All procedures conformed to the National Institutes of Health Guide for the 

Care and Use of Laboratory Animals. 

 

In Vivo Treatments 

 As previously described (Kourrich et al, 2007; Kourrich and Thomas, 2009), five 

daily injections of cocaine (15 mg/kg, i.p. – obtained from Sigma) or 0.9% saline (5 
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mL/kg) were administered in clear plastic cages (40 x 20 x 20 cm) with ground corncob 

bedding on the floor. Mice were habituated to the cages for 20 minutes prior to each 

injection, and activity was monitored for 40 minutes after each injection using one of two 

tracking systems. The first system consisted of a set of infrared photobeams (Applied 

Concepts, Ann Arbor, MI) that recorded the number of “crossovers” (i.e., successive 

interruptions of beams on opposite ends of the cage). The second system consisted of an 

overhead camera connected to video tracking system (AnyMaze, Stoelting, Wood Dale, 

IL) and recorded total distance travelled. The ratio of locomotor activity after the first and 

last injection was calculated for each animal (Day 5/Day 1). Individual cocaine-treated 

animals were classified as sensitized if this ratio exceeded unity by more than the 

coefficient of variation of the same ratio in the saline control group, which was 0.45 for 

the photobeam system and 0.30 for the camera system (Boudreau et al, 2007). After an 

initial comparison between sensitized and non-sensitized animals (see Table 1), all 

subsequent cocaine data were collected from sensitized animals (Bachtell and Self, 

2008b). 

 For forced swim stress, mice were placed in a 1L beaker containing ~800 mL of 

water at room temperature (~23°C). After swimming for 6 minutes, mice were lightly 

dried with a towel and returned to the home cage. This stress procedure increases 

circulating levels of corticosterone and reinstates conditioned place preference (CPP) in 

mice (Kreibich et al, 2004; Kreibich et al, 2009). 

 

Place Conditioning 
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 The apparatus and procedure for place conditioning were similar to those 

previously described (Rothwell et al, 2009). Briefly, the apparatus consisted of a 

rectangular plastic cage (40 x 20 x 20 cm) divided in two by a central partition, with a 

distinct floor texture and wall color on each side (wire mesh and white walls versus metal 

bars and black striped walls). Each experiment began with a 20 minute baseline session 

in which mice were free to move between both sides of the apparatus. The animals used 

in this study spent an average of 601 seconds (50.1%) on the mesh side during the 

baseline session, demonstrating the unbiased nature of our apparatus (Cunningham et al, 

2006). The side of the apparatus paired with drug was counterbalanced within each 

experiment, yielding an unbiased procedure in which mice spent ~50% of the baseline 

session on the side to be paired with drug (Bardo et al, 2000; Carlezon, 2003). 

 Conditioning was conducted over three days, beginning 24 hours after baseline, 

with two sessions per day separated by at least 4 hours. Each conditioning session 

consisted of injection of cocaine (15 mg/kg) or saline followed by confinement to the 

appropriate side of the apparatus for 20 minutes. The order of sessions (saline/cocaine) 

within each day was counterbalanced. The day after the last conditioning session, mice 

were tested for CPP by allowing free movement between both sides for 20 minutes. CPP 

was then extinguished over five days by allowing free movement between both sides for 

20 minutes, during two daily sessions separated by at least 2 hours (10 total extinction 

sessions). Average preference for the drug side on the last three sessions was used as an 

index of CPP extinction. Reinstatement tests were conducted 3-7 days after the last 

extinction session. Mice were given a “priming” injection of saline or cocaine (15 mg/kg) 
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immediately before the 20 minute reinstatement session. Reinstatement results are 

expressed as the change in percent time spent on the drug-paired side compared to 

extinction. Place conditioning results are expressed in terms of percent time spent on the 

drug-paired side, rather than using a difference score measured in seconds, because 

percentage measures are relatively independent of the length of the conditioning session 

and thus facilitate comparison across studies (Rothwell et al, 2009). 

 

Electrophysiology 

 Parasagittal slices of the NAc shell (240 μm) were prepared as described (Thomas 

et al, 2001). Slices recovered in a holding chamber at least 1 h before being superfused 

with aCSF (22-23°C) saturated with 95% O2/5% CO2 and containing (in mM) 119 NaCl, 

2.5 KCl, 1.0 NaH2PO4, 1.3 MgSO4, 2.5 CaCl2, 26.2 NaHCO3 and 11 glucose. Picrotoxin 

(100 μM) was added to block GABAA receptor-mediated IPSCs. Cells were visualized 

using IR-DIC optics and medium spiny neurons were identified by their morphology and 

high resting membrane potential (–75 to –85 mV). To assess excitatory synaptic 

transmission, neurons were voltage-clamped at –80 mV using a Multiclamp 700A 

amplifier (Molecular Devices, Sunnyvale, CA). Electrodes (3–5 MΩ) contained (in mM) 

117 cesium gluconate, 2.8 NaCl, 20 HEPES, 0.4 EGTA, 5 TEA-Cl, 2 MgATP, and 0.3 

MgGTP, pH 7.2–7.4 (~270 mOsm). Series resistance (10–40 MΩ) and input resistance 

were monitored on-line with a 4 mV depolarizing step (100 ms) given with each 

stimulus. Excitatory post-synaptic currents (EPSCs) were evoked at 0.1 Hz by glass 

monopolar microelectrodes placed at the prelimbic cortex–NAc border. Data were 
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filtered at 2 kHz, digitized at 5 kHz and collected and analyzed using custom software 

(Igor Pro; Wavemetrics, Lake Oswego, OR). 

 AMPAR/NMDAR ratios were computed from EPSCs at +40 mV with or without 

50 μM D-AP5 as described (Thomas et al, 2001). The current-voltage relationship of 

AMPAR EPSCs was recorded in the presence of 50 μM D-AP5 and holding potentials 

were corrected for the liquid junction potential. The coefficient of variation (CV) for 

AMPAR and NMDAR EPSCs was determined at +40mV, either 100ms after the stimulus 

(for NMDAR CV) or at peak current in the presence of D-AP5 (for AMPAR CV). The 

CV was calculated as the square root of the difference between amplitude variance and 

noise variance, divided by mean amplitude (Kullmann, 1994). Miniature EPSCs (>300 

per cell) were collected in the presence of lidocaine hydrochloride (0.6–0.8 mM) when 

the series resistance was stable and 30MΩ or less. Quantal events were analyzed using 

Minianalysis software (Synaptosoft, Decatur, GA) and verified by eye; charge transfer 

associated with each event was calculated by integrating current to the point where the 

event decayed to 30% of its peak amplitude. In all experiments, data acquisition and 

analysis were performed blindly. Traces in figures represent the average of 20-30 

consecutive responses and stimulus artifacts have been removed. 

 

Data Analysis 

 All data were analyzed using t-tests or factorial ANOVA, with repeated measures 

on within-subject factors. Interactions that were significant or approaching significance 

were followed by planned comparisons between saline alone/stress alone, saline 
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alone/cocaine alone, and cocaine alone/cocaine plus stress. All analyses were performed 

using SPSS (version 13.0) with a Type I error rate of α = .05 (two-tailed). All data are 

presented as mean +/- SEM, and sample sizes for each experiment are indicated in figure 

legends. 

 

Results 

 

Synaptic Adaptation in Mice that Develop Psychomotor Sensitization 

 As previously reported (Kourrich et al, 2007; Kourrich et al, 2009; Thomas et al, 

2001), five daily injections of cocaine (15 mg/kg, i.p.) produced significant psychomotor 

sensitization (Table 3). However, there were individual differences between animals in 

the degree of sensitization, and a number of previous reports show that adaptations in 

NAc glutamate transmission are observed only in animals that develop psychomotor 

sensitization (Boudreau et al, 2007; Boudreau et al, 2005; Churchill et al, 1999; Pierce et 

al, 1996). Therefore, we initially compared the AMPAR/NMDAR ratio in sensitized and 

non-sensitized mice (see Methods). As previously reported in studies of cocaine 

sensitization in rats (Boudreau et al, 2007; Boudreau et al, 2005; Churchill et al, 1999; 

Pierce et al, 1996; Sabeti et al, 2003), mice that develop cocaine sensitization tend to 

have a smaller acute response to cocaine than non-sensitized animals (Table 3). In brain 

slices prepared 10-14 days after the last cocaine injection, the AMPAR/NMDAR ratio 

was selectively increased in sensitized mice, whereas the ratio in non-sensitized mice was 

similar to that of saline-injected control animals (Table 3). In all subsequent experiments, 
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we report data from animals that developed psychomotor sensitization following daily 

cocaine injection (Bachtell et al, 2008b). 

 

 

Cocaine Exposure Reverses the Effect of Stress on NAc Synaptic Function 

 Acute exposure to two days of forced swim stress was recently reported to 

increase the AMPAR/NMDAR ratio in NAc shell (Campioni et al, 2009). We 

administered a single session of forced swim stress, 10-14 days after the last cocaine or 

saline injection, and prepared acute brain slices 24 hours later (Figure 11A). ANOVA 

indicated a significant Drug x Stress interaction [F(1,57) = 7.16, p = .010] (Figure 11B). 

Swim stress tended to increase the AMPAR/NMDAR ratio in the saline group, though 

this effect was not significant [t32 = 1.35, p = .19]. Cocaine treatment led to a significant 

increase in the AMPAR/NMDAR ratio [t27 = 2.52, p = .018], consistent with our previous 

report (Kourrich et al, 2007), but this increase was completely reversed by exposure to 

stress [t25 = 2.26, p = .033]. Thus, previous exposure to cocaine reversed the effect of 

stress on this measure of synaptic function. There were no significant changes in the 
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Figure 11. Cocaine exposure reverses 
the effect of stress on NAc synaptic 
function. (A) Experimental time line. 
(B) Left: representative EPSCs from 
animals treated with saline alone, 
cocaine alone, or cocaine plus stress. 
Calibration: 100ms, 20pA. Right: mean 
AMPAR/NMDAR ratio after saline 
alone (n = 16), saline plus stress (n = 
18) cocaine alone (n = 13), or cocaine 
plus stress (n = 14). Groups treated with 
cocaine are represented by gray bars 
throughout. *Significant increase from 
saline alone; #significant decrease from 
cocaine alone. (C) Left: representative 
AMPAR EPSCs at membrane potentials 
from -80 mV to +40 mV. Calibration: 
20ms, 50pA. Right: current-voltage 
relationship for AMPAR EPSCs after 
saline alone (n = 12), saline plus stress 
(n = 15), cocaine alone (n = 11), and 
cocaine plus stress (n = 12). 
 

 

 

 

 

 

current-voltage relationship of AMPAR EPSCs (Figure 11C), or in the rectification 

index, calculated by dividing the EPSC amplitude at +40 mV by the amplitude at -80 mV 

(0.45 + 0.02 for saline alone, 0.42 + 0.02 for saline plus stress, 0.46 + 0.02 for cocaine 

alone, and 0.50 + 0.02 for cocaine plus stress) [F(3,46) = 2.21, p = .10]. These latter 

results suggest the changes in AMPAR/NMDAR ratio were not caused by alterations in 

the subunit composition of AMPARs. 
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The Origin of Adaptations in Synaptic Function 

 In previous utilizing NAc brain slices, changes in the AMPAR/NMDAR ratio 

caused by cocaine exposure and stress have been associated with alterations in AMPAR 

currents, with no detectable changes in NMDAR function (Campioni et al, 2009; 

Kourrich et al, 2007; Thomas et al, 2001). We next recorded miniature AMPAR EPSCs 

(mEPSCs) to assess potential changes in AMPAR function. We first examined the 

amplitude of mEPSCs (Figure 12A), and found a non-significant trend towards a Drug x 

Stress interaction [F(1,26) = 1.74, p = .20]. Planned comparisons revealed that cocaine 

treatment significantly increased mEPSC amplitude [t12 = 2.28, p = .042], consistent with 

our previous results (Kourrich et al, 2007). The increase in mEPSC amplitude also 

approached significance after saline plus stress [t16 = 1.91, p = .075]. However, there was 

no difference between cocaine alone and cocaine plus stress [t10 < 1]. We also examined 

the charge transfer (Q) associated with each mEPSC (Figure 12B), as this may represent 

a more accurate measure of synaptic activity in neurons with elaborate dendritic arbors 

(Williams and Mitchell, 2008). For this parameter, there was a significant Drug x Stress 

interaction [F(1,26) = 4.31, p = .048]. Planned comparisons revealed a significant 

increase in charge transfer caused by either stress alone [t16 = 2.59, p = .020] or cocaine 

alone [t12 = 2.61, p = .023]. However, there was still no difference between cocaine alone 

and cocaine plus stress [t10 < 1]. 

 Analysis of mEPSC frequency (Figure 12C) revealed a non-significant tendency 

towards a Drug x Stress interaction [F(1,26) = 1.66, p = .21]. Planned comparisons 

revealed an increase in mEPSC frequency caused by cocaine along that approached 
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Figure 11. The origins of adaptations in synaptic function. Mean AMPAR mEPSC amplitude (A), charge 
transfer (B), frequency (C), rise time (E), and decay time (F) after saline alone (n = 7), saline plus stress (n 
= 11), cocaine alone (n = 7), or cocaine plus stress (n = 5). (D) Mean paired-pulse ratio after saline alone (n 
= 8), saline plus stress (n = 13), cocaine alone (n = 9), or cocaine plus stress (n = 10). *Significant increase 
from saline alone. 



 

 78 

significance (t12 = 1.99, p = .070), consistent with our previous results (Kourrich et al, 

2007). However, there was no effect of stress alone on mEPSC frequency [t16 = 1.23, p = 

.24], and no difference between cocaine alone and cocaine plus stress [t10 < 1]. Changes 

in mEPSC frequency are classically associated with alterations in the probability of 

glutamate release, but we found no change in another measure of presynaptic function – 

the paired-pulse ratio (Figure 12D). There were also no changes in mEPSC rise time 

(Figure 12E) or decay kinetics (Figure 12F). 

 The results for mEPSC amplitude and charge transfer suggest that an increase in 

AMPAR number and/or function contributes to the increase in AMPAR/NMDAR ratio 

caused by cocaine alone, and that stress alone may also increase AMPAR number and/or 

function (Campioni et al, 2009). Although stress reversed the increase in 

AMPAR/NMDAR ratio in cocaine-treated mice, there was no evidence that cocaine plus 

stress led to a decrease in mEPSC amplitude or charge transfer. This apparent 

discrepancy could be reconciled if cocaine plus stress caused an all-or-nothing removal of 

AMPARs at each individual synapse. In this scenario, stress would create a population of 

“silent synapses” that contain NMDARs but lack AMPARs – a pattern recently observed 

in the days immediately following repeated cocaine exposure (Huang et al, 2009). One 

means of evaluating the presence of silent synapses is to compare the coefficient of 

variation (CV) of EPSCs mediated by AMPARs and NMDARs (Kullmann, 1994). 

However, we found no differences between groups in the AMPAR CV (Figure 13A), the 

NMDAR CV (Figure 13B), or the ratio of AMPAR CV/NMDAR CV (Figure 13C), 
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suggesting the generation of silent synapses may not contribute to the reduction in 

AMPAR/NMDAR ratio caused by cocaine plus stress. 

 

 

Figure 13. No evidence for silent synapses containing 
only NMDARs. Mean coefficients of variation (CVs) for 
evoked AMPAR EPSCs (A) and NMDAR EPSCs (B), as 
well as the ratio of AMPAR CV/NMDAR (C), after saline 
alone (n = 16), saline plus stress (n = 18), cocaine alone (n 
= 12), and cocaine plus stress (n = 13). 
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Figure 14. Synaptic adaptations associated with the reinstatement of cocaine CPP. (A) Acquisition and 
extinction of cocaine CPP. *Significant increase compared to baseline; #significant decrease compared to 
test. (B) Priming injections of cocaine reinstatement CPP compared to extinction levels. *Significant 
increase compared to saline prime. (C) The AMPAR/NMDAR ratio in NAc shell is decreased two hours 
after a priming injection of cocaine. *Significant decrease compared to saline prime. 
 

Synaptic Adaptations Associated with the Reinstatement of Cocaine CPP 

 One striking aspect of our results is that the synaptic effect of stress in cocaine-

treated animals mirrors the effect previously reported by cocaine re-exposure (Kourrich 

et al, 2007). Stress and drug re-exposure are two events known to cause relapse in 

humans and to reinstate drug-seeking in animal models (Shaham et al, 2003), raising the 

intriguing possibility that this synaptic adaptation in NAc represent a common 

consequence of experiences that lead to relapse. To more directly assess this possibility, 

we examined the synaptic changes that accompany the reinstatement of cocaine CPP. 

CPP was established by repeatedly injecting cocaine in the presence of distinct contextual 

cues [t13 = 11.8, p < .001], and then extinguished by repeatedly exposing animals to these 

cues in the absence of cocaine [t13 = 11.7, p < .001] (Figure 14A). An additional injection 

of saline had no effect on extinguished cocaine CPP (Figure 14B), but a priming injection 

of cocaine restored preference for cues previously associated with cocaine [t12 = 3.95, p = 

.002 compared to saline prime]. We prepared acute brain slices two hours after the 
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priming injection, to allow cocaine to clear the system but still assess synaptic changes in 

close temporal proximity to the reinstatement event. Reinstatement of cocaine CPP was 

associated with a significant decrease in the AMPAR/NMDAR ratio in NAc shell [t20 = 

2.19, p = .040] (Figure 14C) – precisely the same synaptic adaptation observed 24 hours 

after cocaine re-exposure (Kourrich et al, 2007) or stress (Figure 11). 

 

Discussion 

 Adaptations in NAc glutamate signaling are prominently associated with relapse 

vulnerability in animals models (Kalivas, 2009). Using cellular electrophysiology to 

directly examine excitatory synaptic transmission in NAc, we find that repeated cocaine 

exposure induces a form of synaptic plasticity only in animals that develop psychomotor 

sensitization. This adaptation is completely reversed by acute exposure to stress – 

precisely the opposite effect of stress in drug-naïve animals, but the same effect caused 

by cocaine re-exposure. A similar synaptic change is observed soon after the 

reinstatement of cocaine CPP, linking this synaptic adaptation with several experiences 

that reinstate drug-seeking in animal models and trigger relapse in human drug addicts. 

 Repeated cocaine exposure has been reported to cause a number of adaptations in 

NAc glutamate signaling that are selectively observed in animals that develop 

psychomotor sensitization. These include changes in the expression of AMPAR subunits 

(Boudreau et al, 2007; Boudreau et al, 2005; Churchill et al, 1999), as well as changes in 

the behavioral response to AMPA infusions into NAc (Pierce et al, 1996; Suto et al, 

2004). Our study complements these previous results by demonstrating that the increase 
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in AMPAR/NMDAR ratio in NAc shell is only detected in animals that develop 

psychomotor sensitization. The increase in AMPAR/NMDAR ratio is due to enhanced 

AMPAR currents (Kourrich et al, 2007), and thus the change in sensitized animals is 

quite likely related to the increase in cell surface expression of AMPARs reported to 

accompany cocaine sensitization (Boudreau et al, 2007; Boudreau et al, 2005). We did 

not find any evidence for changes in the subunit composition of AMPARs, but other 

studies have reported increased synaptic incorporation of AMPARs lacking the GluR2 

subunit following longer drug-free periods (Conrad et al, 2008; Mameli et al, 2009). 

 We also found no evidence for changes in AMPAR subunit composition 

following a single session of forced swim stress. This contrasts with a recent report that 

two days of forced swim stress decreases the synaptic incorporation of AMPARs lacking 

the GluR2 subunit (Campioni et al, 2009), suggesting repeated stress exposure is 

necessary to produce this switch in AMPAR subunit composition. However, we did find 

that a single session of forced swim stress increased mEPSC charge transfer, and tended 

to increase mEPSC amplitude as well as the AMPAR/NMDAR ratio. These results are 

consistent with the report of Campioni et al. (2009), though repeated stress exposure may 

facilitate more robust increases in these parameters. 

 In stark contrast to drug-naïve mice, we find that the effect of stress on NAc 

exicitatory synapses is reversed in mice that develop cocaine sensitization. While acute 

stress increases the AMPAR/NMDAR in NAc shell of drug-naïve mice, stress decreases 

the AMPAR/NMDAR ratio in cocaine-treated mice, reversing the increase caused by 

cocaine exposure. This represents another example of drug-induced metaplasticity at 
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these synapses (Kourrich et al, 2007; Moussawi et al, 2009), since a single stimulus 

pattern (i.e., stressful experience) generates opposite forms of plasticity before and after 

cocaine treatment (Abraham, 2008). The nature of this metaplastic switch will be an 

important topic for future investigations. The acute effect of stress on NAc synapses 

appears to be mediated by corticosterone (Campioni et al, 2009), and the reversal of this 

effect following cocaine treatment may reflect a change in sensitivity to corticosterone, or 

the engagement of other brain stress systems, such as corticotropin-releasing factor 

(CRF) (Sarnyai et al, 2001). 

 The origin of the decrease in AMPAR/NMDAR ratio caused by cocaine plus 

stress was not fully elucidated in these experiments. While the increase in 

AMPAR/NMDAR ratio caused by cocaine exposure was associated with an increase in 

AMPAR mEPSC amplitude and charge transfer, this enhancement of AMPAR function 

was not significantly reversed by cocaine plus stress. The generation of silent synapses 

did not appear to explain this discrepancy, as there were no changes in the CV of 

AMPAR or NMDAR EPSCs. There may be an underlying change in AMPAR function 

that was not detected in the present study, perhaps due to the relatively small sample size 

in the cocaine plus stress group. A further consideration is that spontaneous mEPSCs 

originate from all synaptic contacts on a cell, whereas evoked responses (such as those 

used to measure the AMPAR/NMDAR ratio) are only mediated by stimulated synapses, 

which receive input primarily from prefrontal cortex in our slice preparation (Gorelova 

and Yang, 1997). The distinct synaptic populations sampled by spontaneous and evoked 

responses may contribute to the inconsistent changes in AMPAR/NMDAR ratio and 
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mEPSC amplitude/charge transfer. Furthermore, a recent and provocative report suggests 

spontaneous and evoked neurotransmitter release may activate distinct populations of 

glutamate receptors within the same population of synapses (Atasoy et al, 2008). All of 

these issues could potentially be circumvented by using more sophisticated measurement 

techniques to monitor quantal events at a defined population of stimulated synapses 

(Thomas et al, 2001). 

 Changes in the AMPAR/NMDAR ratio in a number of brain structures, including 

NAc, are in most cases driven by changes in AMPAR function (Campioni et al, 2009; 

Clem and Barth, 2006; Kourrich et al, 2007; Thomas et al, 2001; Ungless et al, 2001). 

However, a final possibility that merits consideration is that changes in the 

AMPAR/NMDAR ratio are due to alterations of NMDAR function, rather than AMPAR 

function. Recent evidence that repeated cocaine exposure can profoundly alter NMDAR 

function in NAc (Huang et al, 2009) highlights the need to address this possibility when 

discrepancies between the AMPAR/NMDAR ratio and mEPSC amplitude are noted. 

 The synaptic consequence of stress in cocaine-sensitized mice mirrors the effect 

of cocaine re-exposure, which also reverses the increase in AMPAR/NMDAR ratio 

caused by cocaine (Kourrich et al, 2007) and causes internalization of cell surface 

AMPARs (Boudreau et al, 2007). This common synaptic sensitivity may contribute to the 

increased neurochemical and behavioral sensitivity to both stress and drugs in sensitized 

animals (Kalivas et al, 1991; Maeda et al, 2006; Vezina, 2004). Indeed, manipulations 

that prevent the endocytosis of AMPARs in NAc also prevent the expression of 

psychomotor sensitization to amphetamine (Brebner et al, 2005), presumably by blocking 
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the internalization of AMPARs caused by drug re-exposure. Despite a report that 

amphetamine exposure does not alter cell surface expression of AMPARs in NAc 

(Nelson et al, 2009), results from our lab indicate that repeated amphetamine treated 

leads to a selective enhancement of AMPAR currents in NAc shell, a change that is 

reversed by re-exposure to amphetamine (MJ Thomas, unpublished observations). 

 Stress and drug re-exposure are also two events that promote relapse in human 

drug addicts, and cause reinstatement of drug-seeking in animals models (Shaham et al, 

2003). To more directly assess synaptic changes in a relapse model, we performed 

recordings in NAc shell shortly after reinstatement of cocaine CPP. In this paradigm, a 

reduction in the AMPAR/NMDAR ratio in NAc shell was also observed following CPP 

reinstatement. Importantly, we examined changes in synaptic function two hours after the 

reinstatement session, a more proximal time point than recordings performed 24 hours 

after stress (present study) and cocaine re-exposure (Kourrich et al, 2007). This suggests 

NAc synaptic adaptation develops rapidly and perhaps immediately after a priming 

injection of cocaine. 

 Our results are the first to demonstrate a common adaptation at NAc excitatory 

synapses triggered by different experiences associated with relapse. Although drug- and 

stress-induced reinstatement are known to involve some distinct mechanisms (Shalev et 

al, 2002), the NAc may be part of a “final common pathway” mediating reinstatement 

and relapse caused by stress, drugs, and drug-associated cues (Kalivas et al, 2005). We 

propose that the decrease in AMPAR/NMDAR ratio causes a loss of excitatory drive to 

medium spiny neurons (MSNs) in the NAc shell, which subsequently promotes drug-
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seeking behavior. This proposal is supported by several lines of evidence. First, 

pharmacological inactivation of the NAc shell causes reinstatement (Peters et al, 2008). 

Second, viral-mediated overexpression of AMPARs in NAc shell attenuates 

reinstatement of drug-seeking by cocaine (Bachtell et al, 2008a) and stress (Sutton et al, 

2003), whereas reinstatement is attenuated by overexpression of a mutated, dominant-

negative AMPAR that degrades excitatory input (Bachtell et al, 2008a). Third, a peptide 

inhibitor of something that interferes with AMPAR endocytosis attenuates reinstatement 

(Famous et al, 2008). Fourth, reinstatement is associated with a reduction in GABA 

efflux in the ventral pallidum (Tang et al, 2005), presumably due to a reduction in firing 

of GABAergic projection neurons in NAc. This evidence is consistent with a broader 

literature that suggests inhibition of NAc medium spiny neurons is associated with 

rewarding states as well as reward-directed behavior (Carlezon and Thomas, 2009; 

German and Fields, 2007; Roitman et al, 2005; Stratford and Kelley, 1997). 

 This proposal may appear to contradict other reports in the literature. For 

example, activation of GluR2-lacking AMPARs in NAc has recently been reported to 

mediate the incubation of cocaine-seeking behavior in rodents (Conrad et al, 2008). As 

previously suggested (Bachtell et al, 2008a; Boudreau et al, 2007; Boudreau et al, 2005; 

Kourrich et al, 2007), the increased synaptic incorporation of GluR2-lacking receptors in 

NAc may represent a cell-autonomous, homeostatic process to compensate for decreased 

firing caused by a reduction in extracellular glutamate levels (Pierce et al, 1996), loss of 

excitatory drive from prefrontal cortex (Kalivas et al, 2005), or a persistent reduction of 

intrinsic excitability in NAc shell (Kourrich et al, 2009). An increased response to 
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cocaine-associated cues may represent a pathological consequence of this homeostatic 

process. However, we note that dendritic AMPARs lacking GluR2 are particularly 

susceptible to internalization in response to AMPA application (Biou et al, 2008). Thus, 

upon activation by AMPA or glutamate, these receptors may be rapidly internalized 

(Mangiavacchi and Wolf, 2004), thereby decreasing excitatory drive to NAc. A similar 

mechanism may explain the ability of NAc AMPA infusion to promote reinstatement 

(Cornish et al, 1999; Cornish et al, 2000; Park et al, 2002; Suto et al, 2004) (cf. Bachtell 

& Self, 2008b). 

 Alterations in glutamate signaling in the NAc are strongly implicated in models of 

addiction and relapse (Kalivas, 2009), but changes in excitatory synaptic transmission 

caused by drug experience and stress can only be directly assessed using cellular 

electrophysiology techniques (Kauer et al, 2007). Here, we demonstrate a specific form 

of synaptic adaptation in NAc shell associated with cocaine sensitization, which is 

reversed after a single episode of stressful experience as well as drug-primed 

reinstatement of cocaine CPP. This common synaptic consequence of multiple 

experiences linked to relapse may be a promising target for therapeutic interventions 

aimed at reducing the high rate of relapse associated with addiction. 
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Chapter 5: Conclusions and Implications 

 

 These studies were designed to address three major questions: which drug-induced 

adaptations are critical for addiction, how do these critical adaptations develop, and how 

do they mediate enduring vulnerability to relapse? Based on reported differences between 

the consequences of intermittent and continuous drug exposure, as well as the pattern of 

human drug abuse, I have argued that the unique effects of intermittent drug exposure 

may be particularly relevant to the development of addiction and enduring vulnerability 

to relapse. Furthermore, the divergent impact intermittent and continuous exposure may 

represent an opportunity to gain mechanistic insight into the key adaptations contributing 

to addiction. 

 Intermittent drug exposure, including human drug abuse, is associated with waxing 

and waning levels of drug in the brain. While a great deal of research has focused on the 

acute effects of drugs as they enter the brain, few studies have considered the possibility 

that important neurobiological events may occur during acute withdrawal as drugs are 

metabolized and leave the brain. This is partly because very few studies have developed 

and characterized behavioral measures that can be used to resolve and quantify individual 

episodes of acute withdrawal (Celerier et al, 2001). 

 In an initial series of experiments, I characterized an increase in the magnitude of 

the acoustic startle reflex (i.e., withdrawal-potentiated startle) as one behavioral measure 

of spontaneous withdrawal from acute morphine exposure. This effect appeared to be 

directly tied to the offset of morphine action, as loss of opiate receptor occupancy was 
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both necessary and sufficient to cause startle potentiation. Importantly, startle 

potentiation was observed in the hours after the very first exposure to an opiate drug. 

Combined with other evidence (Laulin et al, 1998), this indicates that both physical and 

emotional manifestations of withdrawal develop spontaneously after just one drug 

exposure. 

 These findings have profound implications for understanding the effects of 

intermittent drug exposure, as they indicate that each individual drug administration 

(including the first) is followed by the expression of acute withdrawal. Thus, events that 

occur during acute withdrawal may contribute to any specific effect of intermittent drug 

exposure. This possibility has been considered in surprisingly few studies (Breese et al, 

2005a; Houshyar et al, 2003; Houshyar et al, 2004), but could play a very widespread 

and prominent role in the behavioral and neurobiological impact of intermittent drug 

exposure. 

 To further explore this possibility, I examined whether episodic withdrawal 

contributes to the development of psychomotor sensitization – one specific effect of 

intermittent drug exposure. Psychomotor sensitization is a prominent and thoroughly 

studied model of persistent drug-induced neurobehavioral plasticity, related to 

adaptations in the mesolimbic dopamine system that may mediate the intensification of 

drug craving and vulnerability to relapse in human addicts (Robinson et al, 1993; Vezina, 

2004). To assess the contribution of acute withdrawal, I utilized the fact that acoustic 

startle can be tested repeatedly to resolve and quantify multiple episodes of withdrawal, 

and took advantage of knowledge gained from initial characterization of this acute 
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withdrawal state. Not only did the initial severity of acute withdrawal predict the 

subsequent development of psychomotor sensitization, but manipulations of acute 

withdrawal indicated that it is both necessary and sufficient for promoting sensitization. 

 This finding represents an important advance because it indicates that neural 

circuits for drug reward and aversion interact with one another to promote adaptation 

during the course of addictive drug exposure. Much of the addiction literature is 

dominated by theoretical perspectives that ascribe compulsive drug use to either the 

positive reinforcement associated with drug reward (Robinson et al, 2003), or the 

negative reinforcement associated with alleviation of aversive withdrawal symptoms 

(Koob et al, 2008). These literatures have developed somewhat independently, each 

carefully defining the neural circuits, neurotransmitter systems, and molecular 

mechanisms that mediate either drug reward or withdrawal aversion. Despite convincing 

evidence to support a contribution from both processes, very few attempts have been 

made to synthesize these literatures, despite emerging evidence that establishes potential 

anatomical and physiological mechanisms for interactions between them. 

 For example, neurons in the amygdala and BNST that are prominently activated 

during withdrawal (Koob et al, 2008) send projections containing CRF (Rodaros et al, 

2007) and excitatory amino acids (Georges and Aston-Jones, 2002) to the VTA. 

Activation of these projections during withdrawal or stress (Wang et al, 2005) may 

influence the induction of synaptic plasticity in VTA dopamine neurons, which is thought 

to serve as a trigger for sensitization (Borgland et al, 2006; Carlezon et al, 2002). CRF 

enhances NMDAR currents in VTA dopamine neurons (Ungless et al, 2003), and 
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NMDAR activation is necessary for long-term potentiation (LTP) in these same neurons 

(Bonci and Malenka, 1999). A single drug exposure elicits a form of synaptic adaptation 

in VTA dopamine neurons that resembles LTP (Saal et al, 2003; Ungless et al, 2001), 

raising the possibility that this synaptic adaptation is induced during the offset of drug 

action – a possibility that remains to be examined. It is notable that the offset of opiate 

action can induce synaptic plasticity in the spinal cord (Drdla et al, 2009), supporting the 

possibility that withdrawal could also serve as a stimulus for plasticity in the mesolimbic 

dopamine system. 

 The VTA is a key site of action for drugs to cause the development of psychomotor 

sensitization. For example, blocking opiate receptors in the VTA prevents sensitization to 

systemic morphine injections (Kalivas et al, 1987), whereas intracerebral infusion of 

morphine directly in the VTA is sufficient to cause sensitization (Vezina and Stewart, 

1984). This raises a potential concern, based on a seminal finding that morphine infusion 

in the VTA does not produce physical signs of withdrawal (Bozarth and Wise, 1984), 

suggesting morphine withdrawal and sensitization are mediated by distinct mechanisms. 

However, the work of Bozarth and Wise (1984) considered only physical signs of 

withdrawal, and accumulating evidence since that time clearly indicates that physical and 

emotional aspects of withdrawal are mediated by distinct neural mechanisms (Schulteis et 

al, 1994). Indeed, a number of studies have implicated dopamine signaling and the 

mesolimbic dopamine system in aspects of drug withdrawal (Chartoff et al, 2009; 

Chartoff et al, 2006; Criner et al, 2007; Diana et al, 1995; Harris et al, 2006; Harris and 

Aston-Jones, 1994; Koob et al, 1989; Rossetti et al, 1992; Stinus et al, 1990). 
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 Indeed, preliminary experimental evidence indicates VTA morphine infusion 

causes a delayed increase in the magnitude of the acoustic startle reflex, very similar to 

that observed following systemic morphine injection (AK Radke, PE Rothwell, MJ 

Thomas & JC Gewirtz, unpublished observations). This provocative result suggests 

morphine action in the VTA is at least sufficient for generating anxiety-like 

manifestations of drug withdrawal, if not physical manifestations (Bozarth et al, 1984). 

Systemic morphine injection has been shown to increase extracellular dopamine levels in 

the BNST (Carboni et al, 2000), and self-administration of morphine directly into the 

VTA induces immediate early gene expression in the amygdala (David et al, 2008). This 

suggests activation of the mesolimbic dopamine system feeds forward to engage portions 

of the extended amygdala implicated in drug withdrawal, which in turn feed back on the 

VTA during acute withdrawal to drive plasticity that underlies the development of 

sensitization. This vicious cycle of interplay between neural circuits for reward and 

aversion represents a new vista in understanding the origin of neural adaptations that 

cause addiction. 

 Although the VTA is a key site for initiating adaptations that lead to psychomotor 

sensitization, adaptations that occur in this region are relatively transient and do not 

appear to mediate the persistence of sensitization. Instead, initial changes in the VTA 

appear to promote subsequent adaptations in NAc (Mameli et al, 2009), which persist for 

much longer time periods (Kalivas et al, 1991). For example, animals previously exposed 

to a sensitizing drug regimen (systemically or intra-VTA) exhibit a sensitized locomotor 

response when drug is directly infused into the NAc (Cador et al, 1995). Adaptations in 
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glutamate transmission in NAc play a key role in the persistent nature of psychomotor 

sensitization (Vanderschuren et al, 2000; Wolf, 1998), as well as enduring vulnerability 

to relapse (Kalivas, 2009). Indeed, some evidence indicates shared mechanisms for the 

expression of psychomotor sensitization and the reinstatement of drug seeking in animals 

(De Vries et al, 1998; De Vries et al, 2002). 

 Previous work has demonstrated several adaptations in glutamate signaling, 

including increased expression of AMPAR subunits (Boudreau et al, 2007; Boudreau et 

al, 2005; Churchill et al, 1999), that are only observed in animals that develop cocaine 

sensitization. Repeated cocaine exposure also increases AMPAR currents in NAc shell, 

measured directly using cellular electrophysiology techniques (Kourrich et al, 2007), and 

the present results indicate this change is also specific to animals that develop 

sensitization. However, this synaptic adaptation was reversed by a brief stressful 

experience – the same effect caused by cocaine re-exposure (Kourrich et al, 2007). 

 The enhancement of AMPAR function observed prior to cocaine challenge may 

represent a homeostatic response to the persistent reduction of intrinsic excitability 

observed in this same neuronal population after repeated cocaine exposure (Kourrich et 

al, 2009). This balance between increased excitatory input and reduced intrinsic 

excitability may be disrupted by stress or drug re-exposure – two experiences that caused 

relapse in humans and reinstate drug seeking in animals models (Shaham et al, 2003). To 

more directly assess the relationship between NAc synaptic adaptation and reinstatement 

of drug seeking, I examined synaptic function after the reinstatement of cocaine CPP, and 

again found a decrease in the AMPAR/NMDAR ratio. This common synaptic adaptation 
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caused by multiple experiences linked to relapse may represent a promising therapeutic 

target for reducing the incidence of relapse in human drug addicts. 

 In conclusion, these studies suggest that episodic withdrawal is an inherent part of 

intermittent drug abuse, and may contribute to numerous consequences of intermittent 

drug exposure, including sensitization of the brain reward system. This novel explanation 

for the development of sensitization may reveal new interactions between brain circuits 

for reward and aversion that shape neural adaptation during the development of 

addiction. In this regard, specific adaptations at excitatory synapses in the NAc may play 

an important role in the development of sensitization, as well as vulnerability to relapse. 

Identifying these critical neural adaptations, and the manner in which they develop, 

represents an important step forward in understanding the pathological progression of 

addiction. 
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