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Chapter 8: Substance Abuse and the Neurobiology of Addiction 

 
 
 
 The most recent National surveys on drug abuse estimate that the lifetime 

prevalence of substance abuse and dependency is approaching 15 percent of the US 

population (Kehoe, 2008; Kessler et al., 2005). If tobacco products are included in this 

estimate the number increases dramatically to over 45 percent of the population 

(Hatsukami et al., 2008). These numbers have remained relatively stable over the past 10 

to 20 years since accurate surveys and DSM criteria have been employed. While not all 

of these individuals can be considered to be drug addicted, clearly many are. In this 

chapter we will examine the diagnostic criteria for substance abuse disorders and explore 

the neurobiology of drug addiction. As we will see, the term addiction has often been 

used synonymously with dependence. Not all drugs that cause dependence will be 

defined here as addictive. While drug addiction implies a dependency, addiction is a 

consequence of specific neural adaptations resulting from the use of drugs that affect 

dopamine activity in the mesolimbic and mesocortical systems. Not all drugs that cause a 

dependency produce these types of neural adaptations. The drugs listed in Figure 1, 

among others, do. 
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Figure 1: Percent of the US population who abuse drugs at some point during their 

lifetime. The category All drugs does not include tobacco products or marijuana (8.5% 

lifetime prevalence). The category Amphetamine includes methamphetamine, Opiates 

include prescription and non prescription narcotics, Cocaine includes crack, and Other 

includes inhalants and sedatives. (Compiled from Cotter 2007; Hatsukami et al., 2008; 

Keohe, 2008; Kessler et al., 2005). 

 

  Carl remembers his very first drink at age 12. His parents had a 

liquor cabinet in their dining room where he found a well used bottle of 

gin.   After consuming about 8 ounces he immediately became ill and 

vomited in his bedroom. Hours later Carl was punished by his parents and 

they put a lock on their cabinet to prevent another occurrence. The last 

thing Carl wanted, however, was another drink. The illness and 

subsequent hangover were sufficient to deter his drinking for almost a 

year. While in middle school Carl befriended a young boy who was much 

more experienced with alcohol than he. As a son of an alcoholic father his 

friend had unfettered access to alcohol. Carl remembers drinking at all 

times with his friend, even in the morning on the way to school. By the 

time Carl graduated from high school he was drinking most days. He 

either stole wine from a local grocery store or from the parents of his 

friends. Although Carl knew a few alcoholics, including the father of his 

friend, he didn’t think of himself as one. He simply enjoyed the feeling of 

intoxication and was quite good at hiding it from his own parents and 

teachers. Carl looked forward to attending college where he anticipated 

the parties and binge drinking he had often heard about.   

  Soon after his freshman year began Carl was involved in an 

automobile accident. He was charged with driving under the influence 

(DUI) and sentenced to a night in jail and the suspension of his driver’s 

license for a year. In addition, Carl was required to attend weekly 
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meetings with other alcohol users where they discussed the symptoms and 

ramifications of abuse and addiction. Carl was not convinced that he had 

an alcohol problem, but he played along to meet the requirements of his 

sentence. After dismal academic performance his first year Carl decided 

college wasn’t for him and he accepted a salesman position at a local car 

dealership where he had worked the previous summer. Selling cars was 

easy for Carl. He enjoyed meeting people and found that working at the 

dealership provided numerous opportunities to meet for drinks with other 

salesman. Carl believed that his performance was actually enhanced with 

a few drinks since it made small conversation and sales talk much easier.  

  Within a year at the dealership Carl began drinking while at work. 

After several reprimands his position was shifted from a salaried one to 

one paid solely on sales commissions. The increased stress of earning a 

livable wage and being newly engaged precipitated even more drinking. 

By now Carl had developed tolerance to large amounts of alcohol. He 

also found that abstaining from drinking was increasingly difficult. When 

confronted about alcohol by his fiancée Carl would get enraged in denial. 

He claimed he needed it to relax from the pressures of work. Once they 

were married Carl promised to quit and he found a new job as an 

insurance adjuster. Quitting drinking, however, was always just a 

promise.  

  After a mere three months Carl was fired from his new job. The 

reasons for his dismissal were never stated, but it was clear to his wife 

that drinking was the problem. Carl began each day with a glass of vodka. 

For lunch he would have a few drinks with a sandwich or fries. After work 

Carl would have a few martinis before dinner and a scotch or two 

immediately after.  Because he never felt drunk, Carl was still convinced 

alcohol wasn’t a problem. He knew he could quit if he wanted to—he just 

didn’t want to quite yet. 

  Within a year of marriage Carl and his wife sought counseling as a 

last resort to save their marriage. Carl had become increasingly 

aggressive after drinking and was having difficulties finding work. Their 

social life had also deteriorated, and according to his wife, this too was 

because of his excessive drinking. After a few drinks Carl was prone to 

become belligerent and aggressive. It was during his first counseling 

session that Carl agreed to alcohol treatment and to attend Alcoholics 

Anonymous sessions. Carl abstained from alcohol for nearly three months 

before resuming drinking. During this time he had suffered through his 

first bout of alcohol withdrawals, delirium tremens, and severe alcohol 

cravings. This was not to be his last bout, however.  

 After Carl resumed drinking his wife filed for divorce and moved 

back with her parents. Carl moved into a small apartment since he could 

not afford the house payments on his intermittent salary. With another car 

accident and DUI, Carl was sentenced to 30 days in a residential 

treatment facility. Carl is anticipating completing his treatment at this 

time. 
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 Carl’s story is neither unusual nor typical of alcohol addiction.  Addiction to 

alcohol can occur abruptly or develop gradually over many years. It may begin in 

adolescence, as it did with Carl, or it may begin late in life. What appears to be a 

common thread in substance abuse is the pattern of destruction it renders to personal and 

family lives. Substance abusers are often in denial about the pain they cause to others 

close to them. They are also in denial about the severe health and financial consequences 

of substance abuse to themselves.  Alcohol addiction is more common in individuals with 

other, comorbid, psychological disorders including depression, bipolar disorder, and 

anxiety disorders. Perhaps alcohol addiction is a form of self-medication for these 

preexisting conditions. It is also possible that alcohol abuse potentiates the development 

of other psychological disorders.   

 Substance abuse treatment is rarely successful on the first attempt and is seldom 

complete. Recovered alcoholics often rightly claim that addiction is just a drink away.  

Carl’s story provides a nice introduction to substance abuse disorders. His case clearly 

meets the criteria for Substance Dependence Disorder.  

 

 The Diagnostic and Statistical Manual of Mental Disorders (DSM-IV-TR) does 

not make a distinction between drug dependence and addiction. Rather, it classifies 

substance abuse disorders by the degree if impairment caused by drug use and whether 

tolerance and/or withdrawal symptoms are present. According to these distinctions, an 

individual may be dependent on a substance without having a disorder. For example, 

most individuals addicted to nicotine are not considered to have a Substance Dependence 

Disorder even though they may meet the minimal diagnostic criteria for this disorder.   
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 The diagnosis of Substance Dependence Disorder supersedes a Substance Abuse 

Disorder and requires that the additional symptoms of drug tolerance and/or withdrawal 

are present. This diagnosis presumes that the drug use has persisted long enough for these 

symptoms to develop.  

 The DSM-IV-TR criteria for Substance Dependence Disorder are as follows: 

 

A maladaptive pattern of substance use, leading to clinically significant impairment or 

distress, as manifested by three, or more, of the following occurring at any time in the 

same 12-month period: 

 

 1. tolerance, as defined by either of the following: 

  a. a need for markedly increased amounts of the substance to achieve  

  intoxication or the desired effect 

  b. markedly diminished effect with continued use of the same amount of  

  the substance 

 

 2. withdrawal, as manifested by either of the following:  

  a. the characteristic withdrawal syndrome for the substance  

  b. the same or a closely related substance is taken to relieve or avoid  

  withdrawal symptoms 

 

 3. the substance is often taken in larger amounts over a longer period than  

  was intended 

 

 4. there is a persistent desire or unsuccessful efforts to cut down or control  

 substance use 

 

 5. a great deal of time is spent in activities necessary to obtain the substance, use 

 the substance, or recover from its effects 

 

 6. important social, occupational, or recreational activities are given up or 

 reduced because of substance use 

 

 7. the substance use is continued despite knowledge of having a persistent or 

 recurrent physical or psychological problem that is likely to have been caused or 

 exacerbated by the substance 

 

 Carl condition clearly meets most of these criteria. He has developed tolerance to 

large amounts of alcohol, he suffers withdrawals with abstinence, and alcohol use has 
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caused severe disruptions to all areas of his life. If he is like many recovering alcoholics 

he will be in and out of treatment for much of his remaining life. During periods of 

abstinence he will be tempted to drink and will experience alcohol cravings when in the 

presence of others using alcohol. These symptoms may diminish, but never completely 

disappear even after many years of abstinence. 

 If the diagnostic criteria of tolerance and withdrawal symptoms are not present 

(most likely because the condition is too recent and these symptoms have not yet 

appeared), a diagnosis of substance abuse disorder may apply. The DSM-IV-TR criteria 

for Substance Abuse Disorder are as follows: 

 

A maladaptive pattern of substance use leading to clinically significant impairment or 

distress, as manifested by one (or more) of the following, occurring within a 12-month 

period. 

 

1. recurrent substance use resulting in a failure to fulfill major role obligations 

at work, school, or home 

2. recurrent substance use in situations in which it is physically hazardous 

3. recurrent substance-related legal problems 

4. continued substance use despite having persistent or recurrent social or 

interpersonal problems caused or exacerbated by the effects of the substance 

 

 Carl also meets the criteria for a Substance Abuse Disorder. However, since the 

symptoms of tolerance and withdrawal were experienced this diagnosis is superseded by 

Substance Dependence Disorder. A diagnosis of Substance Abuse Disorder may be 

appropriate for an individual who uses marijuana frequently. As we will see in the next 

chapter, tolerance to marijuana is modest if it occurs at all and withdrawal symptoms 

during abstinence are mild compared to those experienced with other drugs that cause 

dependence. Marijuana use may, however, contribute to disruptions to work or school as 

well as to one’s social obligations.  
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The Neurobiology of Addiction 

 As stated earlier, certain drugs not only cause dependency after repeated use but 

they may also cause addiction. While addiction certainly implies a dependency, there are 

also both behavioral and neurobiological features of addiction that are not present in all 

case of drug dependency. Among the most remarkable features of drug addiction is the 

intense desire or motivation to take a drug even in face of serious adverse consequences 

including arrest and imprisonment, termination of employment, and even an increased 

risk of serious disease. Equally sinister is the enduring craving for the drug after many 

years of abstinence making drug relapse a likely occurrence for most addicts. How could 

a substance produce such powerful control over one’s behavior that they risk everything 

they have including their families, their employment, their freedom, and their health? In 

order to understand how drugs could produce such powerful effects on behavior we need 

to explore just how addictive substances change the brain. Over the past 20 years we have 

learned a great deal about the neurobiological adaptations resulting from the use of 

certain drugs from both human and animal experiments. It is these adaptations that will 

form the critical distinction between drug dependence and its more insidious form, drug 

addiction.  

 

Reward Pathways 

 The brain’s response to addictive substances may be a mere coincidence of a 

drug’s effects on the brain’s reward pathway. This pathway is an evolutionary 

adaptation that assists organisms in assigning hedonic value to stimuli. For instance, the 

reward pathway ensures that organisms find certain foods more appealing than others 
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based on their caloric value. It also ensures that organisms are motivated to seek out 

sexual partners and reproduce. This survival-enhancing system motivates animals to seek 

out and to repeat whichever activities activated the reward pathway.  

 The essential neural structures that comprise the brain’s reward pathway include 

the ventral tegmental area of the midbrain and the nucleus accumbens. Even simple 

organisms such as the earthworm Caenorhabditis elegans have a rudimentary version of 

these dopamine containing structures. Deactivation of these neurons disrupts the worm’s 

ability to identify food. In the laboratory, rats can be trained to lever press to obtain small 

amounts of a dopamine stimulating drug (e.g., cocaine) into the nucleus accumbens. 

Blocking the activity of these drugs or destroying dopamine containing cells within these 

structures can severely disrupt lever pressing and drug administration. Addictive drugs 

tap into and modify the brain’s reward pathway ensuring that the motivation to seek and 

use drugs persists.  

 The investigation of reward pathways originated in 1954 with James Olds and his 

student Peter Milner. In their experiments rats were implanted with electrodes into the 

septum to determine whether electrical stimulation would enhance maze learning. The 

septum is located centrally, deep below the basal ganglia and adjacent to the nucleus 

accumbens. In fact, the complete name of the nucleus accumbens in Latin is nucleus 

accumbens septi, which means “nucleus leaning against the septum”. To their surprise, 

after stimulating a rat when it was in a particular corner of the maze it quickly returned 

for more. After a few applications of electrical stimulation the animals were “indubitably 

coming back for more” (Olds & Milner, 1954). While the exact location of their electrode 

is unknown, numerous other experiments have replicated their findings with electrodes 
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located in various areas including the septum, the medial forebrain bundle (the bundle 

of axons projecting from the VTA to the nucleus accumbens), and the nucleus 

accumbens. These structures are all part of the reward pathway and they comprise 

mesolimbic system.   

 

 

Figure 2: Mesolimbic and mesocortical dopamine systems. The mesolimbic system 

originates in the ventral tegmental area (VTA) and projects along the medial forebrain 

bundle to the amygdala, lateral hypothalamus, and the nucleus accumbens. The 

mesocortical system also originates in the VTA but projects to the prefrontal cortex. 

Increased activity of dopamine in these reward systems is believed to underlie 

reinforcement as well as drug addiction. 
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Figure 3: Transverse section through a human brain revealing structures of the basal 

ganglia and mesolimbic system. Note the close proximity of the septum and the nucleus 

accumbens. 

 

 

 Since the discovery by Olds and Milner, neuroscientists have learned that 

electrical stimulation, like cocaine, causes an increase in the availability of dopamine in 

the VTA and the nucleus accumbens. In addition, natural reinforcers such as palatable 

food, sucrose solution, and the availability of a sex partner all stimulate the availability of 

dopamine in this region. Therefore, it appears that certain drugs activate the same brain 

regions as do natural reinforcers and this activation is well correlated with positive 

feelings in humans (Cooper & Knutson, 2008; Knutson et al., 2001). Addiction may not 

be solely dependent upon a drug’s ability to increase dopamine activity in these 

mesolimbic structures, but on how quickly it does so. Drugs like cocaine, heroin, and 

nicotine are much more addictive when smoked or administered intravenously than when 

ingested orally because of how rapidly these routes of administration reach the brain.  
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Figure 4: Functional MRI scan showing activity in the nucleus accumbens. Activation of 

the nucleus accumbens is correlated with positive subjective feelings (from Knutson et 

al., 2001).  

 

Drugs and Reward Pathways 

 Drugs that either directly (e.g., cocaine) or indirectly (i.e., heroin) increase 

dopamine activity in the VTA and nucleus accumbens are powerfully reinforcing and can 

maintain high rates of lever pressing in experimental animals. In addition, disrupting 

neurons in these regions, or the pathways connecting them, greatly diminishes the 

reinforcing effects of these drugs. The strong correlation between a drug’s ability to 

maintain self-administration through high rates of lever pressing and its addictive 

potential makes animal self-administration a useful tool to evaluate a drug’s liability for 

addiction. However, increasing dopamine activity in these mesolimbic structures in itself 

is not sufficient to cause addiction. If it were, addictions to all sorts of activities and foods 

would easily occur.  
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Figure 5: A self-administration experiment where a laboratory rat is fitted with a drug-

delivery cannula. Lever presses result in small infusions of drug directly into specific 

regions of the brain.   

 

 

 Why might the rate of drug administration determine its addictive liability? 

Several hypotheses have been proposed.  The first hypothesis argues that the more 

rapidly a drug enters the brain, the more euphoric it is. Support for this comes from early 

studies comparing the subjective effects of cocaine when administered at different rates. 

At all doses investigated, cocaine and heroin produce greater euphoria when administered 

intravenously when compared to similar doses delivered intranasally (Comer et al., 1999; 

Resnick et al., 1977).  

 

 

Figure 6: The subjective effects of 25 mg of cocaine depend on route of administration. 

Cocaine administered intravenously (i.v.) produces greater changes in euphoria than do 

intranasal (i.n.) doses. (Data from Resnick et al., 1977).  

 

 While this argument seems compelling, there is only a weak relationship between 

a drug’s subjective euphoric effects and its reinforcing effects. For example, nicotine 

produces little change in euphoria in smokers, but it is both reinforcing and highly 

addictive. In fact, intravenous nicotine produces few if any pleasurable subjective 

response at all in smokers even though it is effective in reducing nicotine cravings (Rose 
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et al., 2000).  It appears, therefore, that euphoria may be important in drug-taking 

behavior, but something other than euphoria must contribute to a drug’s reinforcing and 

addictive potential.  

 The second and more recent hypotheses of addictive liability posses that a drug’s 

psychomotor and incentive sensitization effects are more closely associated with its 

addictive potential than its ability to induce euphoria. Psychomotor sensitization refers 

to a drug’s potential to increase motor activity and drug seeking behaviors after repeated 

administration. These behavioral effects are easily conditioned and elicited by contexts 

where drugs were administered.  Incentive sensitization on the other hand is an increase 

in the incentive value of the drug as well as drug-associated cues. For example, an animal 

previously exposed to nicotine, amphetamine, or cocaine demonstrates an increase in the 

rate of drug self-administration (increase in incentive value) and an increase in preference 

for drug-associated cues and contexts (as a result of conditioning) (Bradberry et al., 2000; 

Crombag et al., 2001). Both psychomotor and incentive sensitization are observed in 

humans with a history of drug use.  

 The ability of drugs to induce psychomotor and incentive sensitization appears to 

depend upon neurological adaptations in mesolimbic areas resulting from rapid rates of 

drug administration. It has been well established, for example, that the consequences of 

acute cocaine administration depend on its route of administration. Changes in neural 

activity measured by glucose utilization occur primarily to the nigrostriatal system 

following intraperitoneal administration as compared to increased activity in the 

mesolimbic and mesocortical systems following intravenous administration. The author 

of this report concluded that  
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“cocaine activates different neuronal circuitry depending on the route by 

which it is administered”. Furthermore, “the absence of metabolic 

activation in the mesolimbic system following acute intraperitoneal 

cocaine was not the result of the specific dose chosen or the length of time 

between cocaine administration and measuring glucose utilization” 

(Porrino, 1993).   

Since this study a number of others have been conducted to examine the cellular 

adaptations resulting from rapid drug administration.  

 

Neurological adaptations resulting from rapid drug delivery 

 Because drug addiction is characterized by long-lasting behavioral changes 

including drug cravings and drug seeking that can be reinstated after long periods of 

abstinence, the neural adaptations underlying addiction must also be enduring.  The most 

likely candidates for these adaptations include drug-induced changes to gene expression 

in dopaminergic neurons within the mesolimbic and mesocortical pathways. Other 

neuronal adaptations such as long-term potentiation (LTP) are too short-lived to 

adequately account for addiction.  How then do drugs initiate gene expression in specific 

neurons?  In attempts to answer this question researchers have focused on a class of 

regulator proteins called immediate early genes (IEGs). Immediate early genes are 

proteins that are activated by stimuli that activate intracellular signaling. While many of 

the signaling pathways activated by IEGs may be regulatory or homeostatic, the IEGs 

activated by certain drugs may have profound influences on dopaminergic cell 

functioning. One IEG that has received considerable attention because it is activated by 
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addictive drugs is c-FOS. c-FOS is a protein that is expressed in response to a variety of 

extracellular signals including drugs such as cocaine, amphetamine, nicotine, and 

morphine. As cellular activity in response to a drug increases, c-FOS protein is expressed 

in greater amounts (Harlan et al., 1998; Thomas et al., 2008; Zhang et al., 2006).  

 

 

Figure 7: c-FOS gene transcription in response to neurotransmitter-activated second 

messenger system and CREB activation.  

 

 In Figure 7 we see how receptor activation by a neurotransmitter, such as 

dopamine, leads to the activation of the second messenger cyclic AMP (cAMP) which in 

turn activates protein kinase (PKA). Protein kinase enters the cell nucleus where it 

activates a cyclic AMP response element-binding (CREB) protein. The CREB protein 

binds to a specific binding element on DNA allowing it to turn on the gene for the 

synthesis of the c-FOS protein. c-FOS proteins are transcription factors that promote the 
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synthesis of messenger RNA (mRNA) under the direction of DNA. These proteins are 

essential for the construction of the cellular adaptations resulting from drug use.  

 Drug addiction is a result of lasting neural adaptations that alter the brain’s 

response to dopamine. The mechanism underlying this alteration appears to be CREB-

activated c-FOS.  c-FOS appears to coordinate the response of dopamine D1 receptors to 

repeated drug exposure by increasing the density of dendritic branching and growth. The 

D1 receptor is believed to mediate the psychomotor and incentive sensitization that 

follows addictive-drug use. 

 As mentioned above, the rate of drug administration is critical to these neuronal 

adaptations. To illustrate this, rats were exposed to doses of cocaine or saline infused 

through intravenous catheters. The infusion rate of intravenous cocaine was varied over 

5, 25, or 100 seconds. The researchers measured the density of c-FOS protein by a 

radioactive marker in several brain regions including the medial prefrontal cortex and the 

nucleus accumbens. As shown in Figures 8 and 9, the rapid infusion (delivered within 5 

seconds) of cocaine produced the greatest change in c-FOS expression.  Rapid rates of 

cocaine and nicotine delivery also induced the greatest amount of locomotor activity 

(psychomotor sensitization) in these animals (Ferrario et al., 2008; Samaha et al., 2004, 

2005).  
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Figure 8: Cocaine-induced c-FOS expression in the medial prefrontal cortex (mPFC) 

and the nucleus accumbens (NA) following 5, 25, or 100 second drug infusion rates. Bars 

represent the percentage of c-FOS expression following a 5 second infusion rate. c-FOS 

density was greatest following a 5 second infusion and was approximately 18% of the 5 

second density in the mPFC and about 50% of the 5 second density in the NA with 25 and 

100 second infusion rates (From Samaha et al., 2005).  

 

 

 

 

Figure 9: Locomotor activity of rats exposed to different rates of cocaine and nicotine 

administration. The rate of drug delivery influences the expression of psychomotor 

sensitization (From Samaha et al., 2005).  

 

 

 In summary, drug addiction is characterized by powerful and long-lasting 

behavioral changes including drug cravings and drug seeking that can be reinstated after 
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long periods of abstinence. Addiction occurs to a wide range of drugs that, although they 

have no common structural features, all contribute to increased dopamine activity in the 

nucleus accumbens as well as other structures of the mesolimbic pathway. After repeated 

use these addictive substances begin to alter the structure of dopamine receiving neurons 

by upregulating the proteins CREB and c-FOS. A rapid rate of drug delivery and 

availability to the brain enhances CREB and c-FOS upregulation, but it is not essential. 

These proteins contribute to increased dendritic branching, increased numbers of D1 

receptors, and increased sensitivity to dopamine.  In addition, changes to mesocortical 

structures occur which allow for drug-associated stimuli to elicit drug seeking behaviors. 

 Addiction is a complex set of neural adaptations leading to the development of 

tolerance, dependence, and a life-disrupting pattern of drug-related motivations and 

behaviors. The menacing fact that these changes are enduring and susceptible to 

reinstatement makes addiction particularly difficult to treat.  

 

The Treatment of Drug Addiction 

 Addiction’s toll on society is estimated to exceed $300 billion each year, making 

it one of our most urgent social problems.  Improving our understanding of the 

neurobiology of addiction will be critical to the development of new treatment methods. 

The treatment options available today are largely unsuccessful for most addicts and those 

who do recover are at a continued risk of recidivism. Treatment for addiction can include 

drug therapy as well as behavioral therapies including the popular 12-step program. 

Behavioral programs tend to target problematic patterns of behavior and the social and 

environmental contributions to drug use. They can also provide support as an addict 
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grapples with the pain of withdrawal. Current drug therapies on the other hand attempt to 

mimic the abused drug’s effects and dampen cravings associated with withdrawal. 

Several of these approaches including bupropion and nicotine replacement, were 

discussed in Chapter 10 on nicotine. It is important to emphasize that there are presently 

no cures for drug addiction. There are however several promising lines of research.  

 

 Immunization against abused drugs 

 One of the most promising approaches to drug treatment research is to prevent the 

drug from entering the brain altogether. Two avenues of research along this line have 

been explored. One approach involves passive immunization with catalytic antibodies 

capable of rapidly degrading cocaine (Landry, 1997; Landry et al., 1993). Whether 

passive immunization with catalytic antibodies can effectively degrade cocaine over long 

periods of time has yet to be demonstrated. Passive immunization does not stimulate the 

production of new antibodies, and thus resistance to cocaine would be expected to 

diminish over time requiring repeated immunization. 

 Another approach involves active immunization with a cocaine–protein 

conjugate that stimulates the formation of cocaine-specific antibodies (Ettinger et al., 

1997; Johnson & Ettinger, 2000). In these experiments cocaine molecules were actually 

attached to a large immunogenic protein and injected into laboratory animals. The reason 

for conjugating cocaine to a large protein is that organisms do not typically produce 

antibodies to small compounds. If they did, they (including humans) would develop 

antibody responses to all drugs and to foods that enter the blood supply. Attaching 

http://ovidsp.tx.ovid.com.liboff.ohsu.edu/spb/ovidweb.cgi?&S=NHDFFPFFMMDDKELPNCHLJAJJBNMNAA00&Link+Set=S.sh.15.16.39%7c2%7csl_10#48
http://ovidsp.tx.ovid.com.liboff.ohsu.edu/spb/ovidweb.cgi?&S=NHDFFPFFMMDDKELPNCHLJAJJBNMNAA00&Link+Set=S.sh.15.16.39%7c2%7csl_10#49
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cocaine to a protein that is known to stimulate an immune response essentially tricks the 

immune system into recognizing the cocaine molecule as a foreign protein.  After 

immunization with the cocaine-protein conjugate, antibodies are produced which attach 

to both the protein and to the cocaine molecule. Presumably, cocaine that is bound to a 

large antibody is unable to cross the blood brain barrier, thereby resulting in lower levels 

of cocaine actually reaching the brain. 

 Figure 10 shows a typical Western Dot Blot assay. Strips of assay paper are 

pretreated with drops of cocaine solution. Later, blood from an immunized animal is 

applied to the paper. If cocaine antibodies are present in the blood they will attach to the 

cocaine and be revealed by dark dots over the cocaine.  

 

Figure 10: Western dot blot assays for anti-cocaine antibody. Two dilutions (1.0 ug and 

0.1 ug) of cocaine-KLH were placed on the left side of strips A-C. Two dilutions of 

cocaine-BSA (1.0 ug and 0.1 ug) were placed on the right side of strips A and C. The 

right side of strip B contains two dilutions (1.0 ug and 0.1 ug) of BSA alone. Strips A and 

B were incubated with serum from an animal immunized with cocaine-KLH. Binding of 

antibodies to the strips is indicated by stain. Binding of antibody to cocaine-KLH (A & B 

left side), cocaine-BSA (right side of A indicated by arrows), but not to BSA alone (B 

right side) indicates the presence of anti-cocaine antibodies in this animal. Strip C was 

incubated with serum from an animal immunized with KLH alone. Binding of antibodies 

to cocaine-KLH (C left) indicates the presence of anti-KLH antibody. The absence of 

binding to the cocaine-BSA (C right) indicates the lack of anti-BSA or anti-cocaine 

antibody in this animal (From Ettinger et al., 1997). 
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 Research in the author’s laboratory has shown that immunization with a cocaine–

protein conjugate inhibits cocaine's reinforcing and analgesic properties as well as an 

animal’s ability to discriminate cocaine from saline injections. Figure 11 shows the 

results of an experiment where laboratory rats were trained to discriminate cocaine from 

saline injections. After the animals learned the discrimination they were immunized 

against cocaine with the cocaine-protein conjugate. The ability of animals to accurately 

discriminate cocaine from saline decreased from nearly 100 percent before immunization 

to approximately 50 percent (chance levels) after immunization.  High doses of cocaine 

could overwhelm the antibody, however, and reinstate cocaine discrimination.  Evidence 

from other laboratories also suggests that immunization reduces the levels of cocaine in 

the brain even following rapid routes of delivery such as intravenous and intranasal 

administration (Fox, 1997). 

 

Figure 11: Percentage of correct responses during cocaine trials for the final five 

sessions prior to immunization, the three postimmunization maintenance sessions, and all 
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five sessions after immunization. Points to the right of the third vertical line mark the 

increase in cocaine dose from 5.0 mg/kg to 20.0 mg/kg for the final cocaine trial (From 

Johnson & Ettinger, 2000). 

 

 Other laboratories have also demonstrated effective immunization against the 

effects of heroin (Bonese et al., 1974), nicotine (LeSage et al., 2006; Pentel et al., 2000), 

and methamphetamine (Byrnes-Blake et al., 2001) in laboratory animals.  Several clinical 

trials evaluating the effectiveness of cocaine immunization with humans have been 

conducted, but the results are somewhat mixed. In a clinical trial with 18 cocaine-

dependent subjects, anti cocaine vaccination apparently decreased the subjective, 

euphoric effects of cocaine, but most patients relapsed to cocaine use during or 

immediately following treatment in spite of their high levels of anti cocaine antibodies 

(Martell et al., 2005). Several additional clinical trials are presently underway with 

cocaine and nicotine vaccines with the hopes of developing more effective immunization 

methods. Presently there are no commercially available vaccines for addictive drugs.  

 

 Targeting neural mechanisms to prevent drug relapse 

 As mentioned previously, a particularly sinister characteristic of addiction is its 

reinstatement following long periods of drug abstinence. The reinstatement of cravings 

and drug seeking behavior can occur during periods of stress or upon exposure to drug-

associated environmental cues. While it has long been suspected that projections from 

cortical neurons to the nucleus accumbens must be involved in reinstatement, these 

speculations have only recently been confirmed. In a series of studies evidence for 

glutaminergic neurons projecting from the prefrontal cortex to the nucleus accumbens 

have been established (Bossert et al., 2007; Engblom et al., 2008; Kalivas et al., 2003; 
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LaLumiere et al., 2008; Ping et al., 2008). These glutamate neurons project to and 

regulate the release of dopamine in the nucleus accumbens.  

 During stress or in the presence of drug-associated cues increased activity in the 

glutaminergic pathway from the prefrontal cortex to the nucleus accumbens results in 

increases in glutamate release which contributes to increased dopamine activity. A 

disruption of this activity caused by either dampening prefrontal glutamate neuronal 

activity or the blockade of glutamate AMPA receptors in the nucleus accumbens prevents 

the reinstatement of drug seeking behavior in animals (LaLumiere et al., 2008).  

Glutamate AMPA receptors control sodium channels and consequently the excitability of 

dopamine neurons. These AMPA receptors are upregulated during drug use and are part 

of the set of complex neural adaptations contributing to and maintaining drug addiction.  

 Given what we now know about the neural circuitry involved in drug relapse the 

development of pharmacological methods to dampen this activity may be on the horizon. 

Blockade of glutamate AMPA receptors in the nucleus accumbens or the activation of 

inhibitory glutamate autoreceptors both prevent cue-induced reinstatement of drug 

seeking in animals.  The development of drugs to target these receptors is in progress. 
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Figure 12: Glutaminergic involvement in the reinstatement of drug seeking behavior 

following abstinence. Drug-associated cues can lead to the reinstatement of cravings and 

drug seeking via glutamate projections from the prefrontal cortex (PFC) to the nucleus 

accumbens where they regulate the release of dopamine. Blockade of the glutamate 

AMPA receptor prevents reinstatement. 

 

 

Are video games, gambling, and sex addictive? 

 

 We often use the term addiction to describe compulsive, and occasionally 

destructive, behaviors like excessive video gaming, gambling, and hypersexuality. But, 

are these behaviors really addictions? According to the definition of addiction laid out 

here, to label them addictions would require that we establish a pattern of neural 

adaptations similar to those resulting from repeated drug use. While there is evidence that 

video gaming, gambling, and sexual activity increase dopamine activity in the 

mesolimbic pathway, this by itself does not meet our definition of addiction. Dopamine 

activity in the mesolimbic pathway is involved in numerous activities including eating, 

drinking, sexual behavior, behavior reinforcement, attention, and the kind of sensory 

motor integration involved in video game playing (Koepp et al., 1998).  Furthermore, 

cues associated with highly palatable foods, opportunities for reinforcement, a sexual 

partner, video games, and gambling can themselves increase arousal and dopamine 

activity.  As we discussed in the previous section, the effectiveness of a substance as a 

reinforcer was not by itself useful in defining addiction. 

 In a recent study comparing the neural activity of casual video game players with 

excessive players, the researchers did find a difference in amplitude of electrical 

potentials induced by video game cues compared to those induced by neutral cues in one 

of nine brain areas investigated in excessive players. While the authors concluded that 
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this represents sensitization of dopaminergic neurons in the mesolimbic pathway, they 

provide no compelling evidence of sensitization mediated by neural adaptations resulting 

from excessive game playing. In fact, the only electroencephalograph (EEG) recording 

that revealed differences between casual and excessive game players was recorded above 

the midline (Thalemann et al., 2007). Whether these recordings represent activity 

differences in mesolimbic structures cannot be determined by the EEG procedure. 

  

Figure 13: Electroencephalograph (EEG) recordings from the midline of brains in 

casual vs excessive video game players. The green trace shows the pattern of electrical 

potentials evoked by video game visual cues. The black trace was evoked by neutral cues 

and the blue by alcohol-related cues. These EEG records were recorded from electrodes 

placed along the midline of the head (From Thalemann et al., 2007). 

 

 A number of other studies have reported differences in dopaminergic activity 

between compulsive and non compulsive gamblers (e.g., Bergh et al., 1997).  For 

example, there is evidence that gamblers carry an allele for the dopamine receptor gene 

(D2A1) far more frequently than non gamblers (Comings et al., 1996; de Silva Lobo et al., 

2007), which may indicate that there is a genetic disposition towards gambling. Similar 

results have been found with excessive video game players (Koepp et al., 1998). Again, 

however, an increase in dopamine activity is not evidence of a predisposition for 

addiction. In fact, increased densities of dopamine receptors do not appear to predispose 

individuals for substance abuse or addiction.  A considerable amount of research is 
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currently being conducted to uncover possible genetic contributions to addiction (see 

Agrawal et al., 2008 for a recent review).  While much of this research suggests 

associations with genes, we still have no consensus on which genes might be involved.  

 In summary, compulsive gaming, gambling, and sexual behavior may share 

common diagnostic criteria with substance abuse disorders, but evidence that they share 

common patterns of neural adaptations that underlie drug addiction remains 

controversial. Labeling compulsive and sometimes life-disruptive behaviors as addictions 

neither advances our understanding of their causal factors nor does it elevate their status 

as a disease. Until we can describe patterns of neural adaptations in the mesolimbic 

pathway that accompany these compulsions there is little evidence that they are 

addictions. Compulsive video game play, gambling, and sexual activity are each 

maintained by a complex set of reinforcer expectations and learned consequences that 

may make them much more difficult to fully describe than drug addictions.  

 In the following chapters we will examine the pharmacology and abuse liability of 

some of the most common drugs of abuse. In Chapter 9 we review the stimulants cocaine 

and amphetamine, the psychedelics LSD and psilocybin, and marijuana.  In Chapter 10 

we discuss alcohol, nicotine, and caffeine.  
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Glossary of Terms 

 

addiction  a form of drug dependency that results from specific neural adaptations that 

affect dopamine activity in the mesolimbic and mesocortical systems.  

 

Substance Dependence Disorder  an impairment caused by drug use that is manifest by 

drug tolerance, physical withdrawal symptoms, and persistent unsuccessful attempts to 

control or discontinue its use. A disorder defined by DSM-IV-TR. 

 

Substance Abuse Disorder  a pattern of drug use that leads to significant impairment in 

functioning and personal relations.  A disorder defined by DSM-IV-TR. 

 

reward pathway  a pathway of dopaminergic neurons originating in the ventral 

tegmentum and projecting to the nucleus accumbens and prefrontal cortex. See also 

mesolimbic system and mesolimbic-cortical system. 

 

septum a structure of the mesolimbic system that is adjacent to the nucleus accumbens. 

 

medial forebrain bundle the bundle of axons projecting from the VTA to the nucleus 

accumbens 

 

self-administration  an experimental procedure where animals can control the rate and 

amount of drug administration usually by pressing a lever. Often used to assess the abuse 

liability of drugs. 

 

psychomotor sensitization refers to a drug’s potential to increase motor activity and 

drug seeking behaviors after repeated administration. 

 

incentive sensitization  an increase in the incentive value of the drug as well as drug-

associated cues 

 

immediate early genes (IEGs)  proteins that are activated by stimuli that activate 

intracellular signaling. IEGs may also be activated by certain drugs. 

 

c-FOS  a protein that is expressed in response to a variety of extracellular signals 

including drugs such as cocaine, amphetamine, nicotine, and morphine. 

 

second messenger  a chemical within a cell that activates a cascade of events leading to 

the opening or closing on an ion channel. Cyclic AMP (cAMP) is a second messenger. A 

neurotransmitter is considered to be the first messenger. 

 

CREB protein cyclic AMP response element-binding protein. Binds to an element on 

DNA thereby activating a gene for the synthesis of a specific protein.  

 

c-FOS protein a protein transcription factor that promotes the synthesis of messenger 

RNA (mRNA) under the direction of DNA. 
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passive immunization  an immunization method using antibodies that rapidly degrade a 

molecule or drug by increasing enzyme activity. See also active immunization. 

 

catalytic antibodies an antibody used in passive immunization that facilitates the 

degradation of a specific molecule or drug. 

 

active immunization  results in the stimulation of specific antibodies by the organism’s 

immune system. Immunization against flu viruses is active immunization. Active 

immunization may also be used against specific drugs such as cocaine. 

 

 

 


